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LEGAL NOTICE / DISCLAIMER

This report was prepared by New York State Electric & Gas Corporation as an account
of work sponsored by an agency of the United States Government. Neither the New
York State Electric & Gas Corporation (NYSEG) or the United States Government nor
any agency thereof, nor any of their employees, nor any person acting on behalf of
either:

(A) Makes any warranty or representation, express or implied, for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.

(B) Assumes any liabilities with respect to the use of, or for any damages resulting from
the use of, any information, apparatus, method or process disclosed in this report.

Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency thereof.
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ABSTRACT

The intent of the Project Performance and Economics Report is to provide a
comprehensive statement of the technical and economic results of the technologies
demonstrated at the New York State Electric and Gas Corporation’s (NYSEG) Milliken
Station. Milliken Station is a 2 X 150 MW coal-fired electric generating plant owned by
NYSEG and located in Lansing, New York. The Milliken Clean Coal Technology
Demonstration project provided full-scale demonstration of a combination of innovative
emission-reducing technologies and plant upgrades for the control of sulfur dioxide (SO,)
and nitrogen oxides (NO,) emissions from a coal-fired steam generator without a
significant loss of efficiency. The FGD process used, developed by Saarberg-Hoélter
Umwelttechnik GmbH (S-H-U), is the only wet-limestone FGD process designed
specifically to employ the combined benefits of low-pH operation, formic acid
enhancement, single-loop cocurrent/countercurrent absorption, and in situ forced
oxidation.

Combustion modifications were installed on both Milliken units for primary control of NOx
emissions. The modifications consisted of replacing the existing conventional tangential
firing systems with the Low NOx Concentric Firing Systems (LNCFS) furnished by ABB
CE Services. Each system included new burners, windboxes and over-fir air systems.

Another element of the project was the addition of a high efficiency heat pipe air heater
system, along with other equipment modifications, to maintain the station efficiency, while
significantly reducing SO, and NOx emissions. The CAPCIS corrosion monitoring system
was used in conjunction with the high efficiency air heater system to control flue gas
temperature discharge temperature and prevent acid corrosion due to condensation.
Also, the Plant Economic Optimization Advisor (PEOA), an on-line performance support
system developed by DHR Technologies, Inc. was installed on both of the units. This
system integrates key aspects of plant information management and analysis to assist
plant personnel with optimization of overall plant economic performance, including steam
generator and turbine equipment, emissions systems, heat transfer systems, auxiliary
systems and waste management systems.

The Project Performance and Economics Report details the effects of the technologies
on station performance, reliability and operability and describes commercial applications
and process economics. The report provides a detailed description of the demonstration
program and test results, and an evaluation of the project’'s impact on wastes and by-
products. Also presented are estimated costs for a commercial equivalent of the
project’s technologies, including documentation of the applications’ cost parameters and
process economics.
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EXECUTIVE SUMMARY

In May 1991 New York State Electric & Gas Corporation (NYSEG) applied to the US
Department of Energy (DOE) for partial funding of the $159 million Milliken Clean Coal
Technology Demonstration (MCCTD) Project from the Clean Coal Technology IV
program. This program, a team effort between the federal government and coal users,
will help ensure the nation uses this abundant domestic resource wisely and in an
environmentally responsible manner. In September of 1991, the Milliken project was
chosen as a successful applicant. The MCCTD was one of nine clean coal projects
selected for funding by the DOE. A Cooperative Agreement for the project was executed
between NYSEG and the DOE on October 20, 1992 (DE-FC22-93PC92642).

The Milliken Clean Coal Technology Demonstration Project was constructed at NYSEG's
Milliken Station located in Lansing, Tompkins County, New York. This plant is one of the
top 20 most efficient steam electric generating stations operating in the United States.
The project achieved significant reductions in acid gas emissions with virtually no
change in station efficiency by demonstrating technologies that are technically and
economically viable in a retrofit application. It provides cost and performance data from a
commercial-scale application to demonstrate the viability of this technology for both new
and retrofit utility applications.

The total project cost was $158,607,807. The DOE's share was $45,000,000. NYSEG
secured additional cofunding agreements with: CONSOL, Inc., Empire State Electric
Energy Research Corporation (ESEERCO), Electric Power Research Institute (EPRI),
and New York State Energy Development Authority (ERDA).

The major technology vendors that joined NYSEG as an integrated team and their
associated technologies are as follows:

Saarberg-Holter-Umwelttechnik (SHU) - FGD Process Design

Stebbins Engineering and Manufacturing Company (Stebbins) - Tile Lined Absorber
Design and Fabrication

Nalco Fuel Tech - SNCR Design and Equipment Supply
ABB Air Preheater, Inc. - Heat Pipe Air Heater Design and Fabrication

DHR Technologies, Inc. - Design and Installation of Plant Economic Optimization
Advisor (PEOA) expert computer system

The project provides full-scale demonstration of a combination of innovative emission-
reducing technologies and plant upgrades for the control of sulfur dioxide (SO;) and
nitrogen oxides (NOx) emissions from a coal-fired steam generator, without a significant
loss of efficiency. There are two coal-fired units, Units 1&2, at Milliken Station. They are
Combustion Engineering pulverized coal-fired units which are rated at a nominal 150
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MW each and operate under balanced draft mode. Each unit is tangentially fired with
four elevations of burners at each of the four corners. Unit 1 was completed in 1955 and
Unit 2 was completed in 1958.

The overall project goals were:

To achieve 98% SO, removal efficiency using limestone while burning high-sulfur
coal.

To achieve up to 70% NOx reductions using the NOxOUT® selective non-catalytic
reduction (SNCR) technology in conjunction with combustion modifications.

To minimize solid wastes by producing marketable by-products (commercial-grade
gypsum, calcium chloride, and fly-ash).

To achieve zero wastewater discharge.

To maintain station efficiency by using a high efficiency heat pipe air heater system
and a low power consuming scrubber system.

Construction began in April, 1993. The Unit 1 electrostatic precipitator upgrade and
combustion modifications were placed in operation in September, 1993. The Unit 2
electrostatic precipitator upgrade, heat pipe air heater, and combustion modifications
were placed in operation in December, 1994. The Unit 2 scrubber module became
operational in January, 1995. The Unit 1 scrubber module began scrubbing in June,
1995. The demonstration phase of the MCCTD project officially began on January 17,
1995 and was completed in May, 1998.

SHU FGD PROCESS

The Saarberg-Holter Umwelttechnik (SHU) process was used to reduce SO, emissions
by as much as 98%. The SHU process is the only developed wet limestone flue gas
desulfurization (FGD) process which is designed specifically to employ the combined
benefits of low-pH operation; formic acid enhancement;, single loop,
cocurrent/countercurrent absorber; and in-situ forced oxidation. In the SHU process, the
flue gas is scrubbed with a limestone slurry in a cocurrent/countercurrent absorber
vessel that does not contain packing or grid work. This significantly reduces the potential
for plugging and erosion and reduces the energy consumption of the induced draft (ID)
fans. The SHU slurry is able to be maintained at a low pH by adding formic acid, which
acts as a buffer, to the limestone slurry. A slipstream (the bleed) is processed for
recovery of commercial grade gypsum and recycled to the process. A portion of the
recycle stream (the FGD blowdown) is processed to control the concentration of
chlorides in the absorber, producing a byproduct calcium chloride brine solution. The
project demonstrated the production of excellent and consistent quality gypsum for use
in wallboard manufacturing and marketable grade calcium chloride brine. This is the first
US demonstration of the SHU process and includes the innovative space-saving design
feature of a tile-lined, split-flow absorber constructed below the flues, an advantage for
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retrofit on existing plants where space is at premium. The S-H-U FGD process was
installed on both Units 1 and 2 with common auxiliary equipment.

The Unit 2 FGD system first became operational on January 17, 1995. The first
byproduct gypsum was produced on January 21, 1995. Operation of the FGD blowdown
pretreatment system began on March 21, 1995. The Unit 1 FGD system first become
operational on June 20, 1995. The brine concentrator system began operation on July
20, 1995. Both units’ FGD systems started up without problems and achieved the design
95% SO, removal efficiency within a few hours, with the boilers burning 1.8 - 2.2% sulfur
coal. The systems have met all their process guarantees and the by-product gypsum has
been uniform in quality and is sold for commercial applications. As of this report the units
have operated for more than 30,000 hours.

Except for scheduled outages, unit availabilities held close to 100% and capacity factors
generally held between 70% and 80% over the course of the demonstration. Unit thermal
efficiencies hovered around 35% for both units. FGD system availabilities held fairly
constant at close to 100%. SO, removal efficiencies for both units showed no noticeable
decline over the period, holding fairly constant at about 90%, except for periods of
parametric testing. FGD system power consumption did not show any significant
increase over the period, indicating that the FGD system energy efficiency did not suffer
noticeable deterioration. By these measures the FGD system showed no performance
deterioration nor adverse impacts on unit performance over course of the demonstration.

While the FGD systems have generally performed well throughout the demonstration,
they have not been completely problem free. The absorbers have experienced a greater
than expected deposition of solids on the absorber internals, slurry piping, and
dewatering equipment. The units were inadvertently operated for extended periods of
time at lower than design gypsum solids concentrations. This operation, at
supersaturation, results in a lower inventory of seed crystals in the slurry, causing an
increase in uncontrolled gypsum growth on equipment surfaces. In addition, pieces of
rubber lining from the absorber modules’ internal turning vanes have been found
plugging absorber nozzles and hydrocyclone apexes. Operating changes were instituted
to increase the solids in the absorber from the original 8-12% to a higher 10-14% and to
not reduce the solid concentration below the operating level prior to shutdown. Also,
suction screens were installed for several of the absorber recycle pumps. These
changes resulted in greatly improved operability of the hydrocyclones and centrifuges
and have greatly reduced the amount of buildup and plugging in the absorbers.

The FGD blowdown stream is processed through a pretreatment system for removal of
suspended solids and heavy metals, followed by a brine concentrator system for
recovery of byproduct calcium chloride brine. The brine concentrator system
experienced numerous operating problems throughout the demonstration. These
problems included plugging and scaling of evaporator tubes, high suspended solids in
the byproduct brine, high vibration of the vapor compressor and corrosion of vapor
compression system components. System design changes were implemented to solve
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the vibration, corrosion and suspended solids problems. Changes to system chemistry
made to alleviate scaling and plugging, however, resulted in byproduct brine which did
not meet contract specifications. As of this report the ability of the brine concentration
system to reliably process the effluent from the FGD blowdown pretreatment system,
while producing an acceptable byproduct, remains to be demonstrated.

A formal parametric testing program was conducted to evaluate absorber module
chemistry for limestone grind, formic acid concentration, and variations in recycle slurry
operation relative to SO, removal, L/G ratio, pressure drop, formate loss, oxidation air
utilization and gypsum and chloride brine quality. Low sulfur coal (1.6% S) parametric
tests found that SO, removal ranged from 30%, when using only two spray headers
without formic acid, to 98%, when using all seven spray headers with formic acid
(nominally 800 ppm). SO, removals increased with increasing L/G. More SO, removal
was achieved when a higher percentage of the total slurry was sprayed in the
countercurrent section. The effect of countercurrent L/G on SO, removal diminished with
increasing formic acid concentration. SO, removal was increased significantly by formic
acid but the amount of additional removal showed a tendency to level off with increasing
formic acid concentration, suggesting that concentrations of formic acid higher than
those tested would produce diminishingly smaller improvements in SO, removal. Higher
SO, removal was observed using finer grind limestone than with coarser grind. The
average difference in SO, removal between the two grind sizes was 2.6 percent
(absolute). The effect was greatest at the intermediate formic acid concentration. When
compared on an equivalent L/G basis, more SO, was removed during the high velocity
tests than during the design velocity tests. This occurred despite the fact that high
velocity operation reduced the gas residence time in the absorber by about 50%
compared to the design velocity residence time. The pressure drop across the absorber
was a function of the number of countercurrent spray headers operating. The cocurrent
spray headers had no significant effect on the pressure drop. Mass transfer increased
with increasing L/G, but the effect was not always a linear function of L/G. Formic acid
increased the mass transfer; however, the amount of increase diminished with increasing
formic acid concentration. Formic acid concentration had a stronger impact on mass
transfer when countercurrent headers were used. Mass transfer during the high gas
velocity tests was greater than in the design velocity tests at similar L/G.

Laboratory analyses performed on gypsum samples taken during the testing indicate that
the gypsum purity was relatively constant ranging from 96.1% to 97.8% gypsum,
regardless of the operating conditions, demonstrating that the ability to make a
marketable gypsum is relatively insensitive to changes in the operating conditions.

NYSEG found the SHU process to be one of the most flexible, reliable, and
cost-competitive FGD processes available. Moreover, NYSEG believes that successful
demonstration of the innovative design changes will significantly reduce the cost of the
SHU process and further enhance its attractiveness for retrofit. Table 1 summarizes the
SHU process’ economics for a 300 MW commercial plant. The table provides values for

Executive Summary Page xxxvii
Project Performance and Economics Report



levelized cost of power on cost per kW and cost per ton of SO, removed bases, in both
current and constant dollars.

Table 1

SHU FGD Process Economics
300 MW Commercial Facility

Current Dollars Constant Dollars
Levelized Cost of Power Factor Mills/kWh Factor Mills/kWh
Capital Charge 0.1604 7.53 0.124 5.82
Fixed O & M Cost 1.293 1.00 1.000 0.78
Variable Operating Cost 1.293 2.29 1.000 1.77
Total Cost 10.82 8.37
Levelized Cost - SO2 Basis Factor $/ton Factor $/ton
Removed Removed
Capital Charge 0.1604 336.14 0.124 259.86
Fixed O & M Cost 1.293 44.80 1.000 34.65
Variable Operating Cost 1.293 102.11 1.000 78.97
Total Cost 483.06 373.48

At the time that this Project Performance and Economics Report was published, results
of the Design and High Sulfur Coal Testing and Evaluation Programs had not been
reported. When available, the program results will be presented in a topical report.

STEBBINS TILE ABSORBER

Milliken’'s FGD system absorber is of Stebbins ceramic tile reinforced concrete
construction. The Stebbins ceramic tile system offers several advantages to the utility
marketplace including lower life-cycle costs, increased reliability, reduced maintenance
costs, capability for online repair of leaks in exterior walls from outside the absorber
vessel, and the ability to be constructed between existing structures without having to
provide a large amount of space for cranes, an advantage for projects with limited
construction access. The SHU process provided a harsher environment in which to
demonstrate the durability of Stebbins tile than previous applications. In addition to
having higher gas velocity, the SHU recycle slurry is more acidic, has a higher chloride
concentration, and includes an organic acid buffered chemistry. SHU’s
cocurrent/countercurrent design also requires an interior wall with both sides exposed to
the process (and thereby not accessible for maintenance except during boiler outages).

Lifecycle costs associated with the tile and mortar lining system used at Milliken are
expected to be substantially lower than those of competing absorber construction
materials such as rubber lined steel, flakeglass lined steel, alloy lined steel or solid
stainless steel. In addition to increased reliability and decreased maintenance, the
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expected life of the tile lining is three to four times that expected for rubber liners.
Inspection after three years of operation found that the Stebbins ceramic tile lined
absorbers and the tile grout were in excellent condition with no obvious erosion or
deterioration. In order to further substantiate the viability of the Stebbins construction a
test module was constructed at NYSEG’s Kintigh Station. This three-year testing
program confirmed that leak repair is simple and effective. The effects of leakage on
concrete appeared minimal, tile and mortar wear were undetectable and maintenance
was not required. Because the demonstration project was scheduled for only three years
of operation, the total potential life-span for the Stebbins tile could not be assessed.
However, the viability of the split module concept was fully demonstrated. The
combination of the durability and reliability already demonstrated within the non-FGD
industrial market and the Milliken Station demonstration should enhance Stebbins’ ability
to effectively market this product to FGD vendors and utilities.

In addition, with its competitive capital cost and intrinsically low maintenance cost
component, the lifecycle costs of the Stebbins absorber module represent a cost
effective option for FGD absorber construction.

Figure 1 provides a comparison of capital costs and net present worth of the four
absorber materials evaluated as part of this study. The costs are based on a 15 year
plant life for each material.

FIGURE 1
Absorber Materials Cost Comparison

$4,000,000

$3,000,000

W Initial Capital Cost
WmNet Present W orth

$2,000,000

$1,000,000

Stebbins Tile Shell CS with Shell CS with Shell CS with
Rubber Lining C-22 or C-276 Cladding
(Hard or Soft) W allpaper

ABSORBER MIST ELIMINATORS

Each Milliken absorber module is equipped with two-stage mist eliminators (ME’s). A
droplet carry-over testing program was conducted to evaluate mist eliminator
performance. Droplet tests were conducted at the inlet to the first stage mist eliminator of
Unit 1, at the outlets of the mist eliminators for each of the two units, and in the flues for
each of the units near the top of the stack. The performances of both mist eliminators
were comparable at the low-load and high-load test conditions. The Unit 1 ME
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performance was clearly superior at the crossover test condition. Further, the carryover
from both mist eliminators was dominated by emissions resulting from washing. The rate
at which liquid was collected by the stack drain systems was higher for Unit 1 than for
Unit 2 for comparable test conditions in all cases and the stack drain system collection
rates were greater for either unit at low-load as compared to high-load or crossover
mode operation. For either flue, the stack drain collection rates for high-load and
crossover mode operation were comparable.

HEAT PIPE AIR HEATER

In order to counter the loss in plant efficiency due to the FGD system retrofit, a high
efficiency heat pipe air heater system was installed on Milliken Unit 2. A heat pipe unit
uses carefully selected liquids, sealed in tubes, as the heat transfer medium. One
portion of each tube is in the flue gas stream and the rest of the tube is in the air stream.
The liquid in the tube evaporates in the hot portion; then the vapor flows to the cold end,
where it condenses; and the condensate flows back to the hot end. The need for special
air seals and the associated potential for air heater leakage, as required for conventional
air heaters, is eliminated with this design. Because of the high efficiency of these units,
the temperature of the combustion air can be increased, increasing the efficiency of the
plant.

Detailed tests and analyses indicated that the thermal performance of the heat pipes is
about the same as the original Ljungstrom-type air heaters. The goal of a 20 °F reduction
in the effective air heater flue gas outlet temperature was not achieved. However, the
use of the heat pipe exchangers successfully reduced air heater leakage to near zero
levels, improving the boiler heat rate by greatly reducing the fan power requirements for
the system. At full boiler load, the fan power savings averaged 778 KW or about 0.49%
of the gross load.

Cold-end fouling of the heat pipes was the main operating concern. The fouling reduces
the thermal performance and increases the gas side pressure drops with time. Normally,
the heat pipes must be washed every six months to remove cold-end deposits. Based on
the most recent plant operations, there are now indications that the operating period
between washings can be extended by limiting the boiler low load to a minimum of 80
MW. This practice helps to avoid excessively low cold-end temperatures which increase
fouling.

Although the thermal performance of the new heat pipe air heaters was not better than
the replaced Ljungstrom® units, the use of the heat pipes provided considerable
improvement in fan power requirements. This is shown by direct comparison of the Unit 1
and 2 operating results for similar conditions of boiler excess air and gross load. Such a
comparison is justified since Milliken Units 1 and 2 are identical except for the use of
Ljungstrom® air heaters with hot primary air fans in Unit 1 and heat pipe air heaters with
cold primary air fans in Unit 2. At 100 MW and 150 MW gross load, the Unit 2 combined
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power requirements for the primary air, secondary air, and induced draft (ID) fans,
averaged 0.67MW (900hp) and 0.78MW (1050 hp) less than for Unit 1, respectively.

Most of the power savings can be attributed to the lower combustion air and flue gas
flows for the Unit 2 boiler due to the zero air leak operation of the heat pipe air heaters.
The differences represent considerable power cost savings for the zero leak heat pipe
system. Assuming incremental costs of 2.3~/kW and a 65% plant capacity factor, the 25
year life cycle power cost saving is estimated at $2.5 5MM. Actual power cost savings
are likely to be greater since these results have not considered power reductions for the
electrostatic precipitator and the FGD system with optimized pumping (i.e., headers
removed from service to accommodate reduced flue gas flow).

Table 2 is an economic comparison of the heat pipe technology with competing
regenerative and recuperative preheater alternatives. The economic data for the
Ljungstrom regenerative air heater, the recuperative plate air heater and the tube air
heater has been furnished by ABB Preheater, Inc. It should be noted that ABB is not
currently actively marketing the heat pipe technology. At present, ABB believes that the
Ljungstrom air heater represents a reliable technical solution, is competitive from an
economic vantage, and environmental concerns associated with the use of napthalene in
the welding process for the heat pipe can be avoided. In addition, it is possible to
compensate for intrinsic air loss by increasing the air flow through the air heater.

Table 2
Heat Pipe/Air Heater Cost Comparison
($ X 10°
Ljungstrom Apex Recuperative
Regenerative | Recuperative Tube Air
Heat Pipe Air Heater Plate Air Heater
Heater
Equipment Cost $2.10 $.750 $1.05 $1.10
Installation Cost $1.00 % of heat Similar to heat pipe
pipe
Annual Operating Cost $.122 $.122 $.138 $.209
(BHP @ .04/kW, 65%
Capacity)
Annual Maintenance Base ¥ of heat Similar to heat pipe
Cost pipe

COMBUSTION MODIFICATIONS

Combustion modifications were installed on both Milliken units for primary control of NOy
emissions. These modifications consisted of replacing the existing conventional
tangential firing systems with the Low NO Concentric Firing Systems-Level 3 (LNCFS-3)
furnished by ABB CE Services. Each system included new burners, wind boxes and
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over-fire air systems. The LNCFS maximizes the NOy reduction capabilities of existing
tangential firing systems while minimizing unit modification. The LNCFS uses a
combination of two techniques to reduce NO,: bulk furnace staging and early controlled
coal devolatilization. Bulk furnace staging takes a portion of the combustion air, which is
introduced at the fuel burning zone, and diverts it to retard air and fuel mixing. The
LNCFS maximizes the bulk staging concept by using both overfire air and concentric
firing. Staged combustion is produced by introducing a portion of the secondary air,
called overfire air, above the primary firing zone. This is accomplished with a close-
coupled overfire air system, in which the overfire air nozzles are located in the top
elevations of the main windboxes, and in a new separate overfire air windbox, which is
installed above the existing windbox. The concentric firing system re-directs the
secondary air which is admitted in the main firing zone, diverting it away from the coal
stream. In this manner, combustion stoichiometry is reduced by preventing the fuel
stream from entraining with the air stream during the initial stages of combustion. Fuel
nitrogen conversion is reduced, while maintaining appropriate oxidizing conditions along
the furnace walls. The introduction of air in the concentric firing circle is accomplished
with the installation of offset air nozzles. Another important design feature incorporated
into the LNCEFS is the technique of early fuel ignition. Initiating the combustion point very
close to the fuel nozzle produces a stable volatile matter flame which is more easily
controlled under sub-stoichiometric firing conditions. A two-piece "flame attachment"”
type coal nozzle tip is used to promote this strong primary flame.

A testing program was conducted to evaluate the effectiveness of the LNCFS-3 burner
retrofit in reducing NOx emissions while maintaining high combustion efficiency and
acceptable fly ash loss-on-ignition (LOI). The coal used was a high volatile (37%-38%
dry volatile matter), medium sulfur (1.6%-2.0% dry sulfur) Pittsburgh Seam coal. The
tests found that at full boiler load (145-150 MW) and 3.0%-3.5% economizer O,, the
LNCFS-3 system lowered NOx emissions from a baseline 0.64 Ib/MM Btu to 0.39 Ib/MM
Btu (39% reduction). At 80-90 MW boiler load and 4.3%-5.0% economizer O,, the
LNCFS-3 system lowered NOx emissions from a baseline of 0.58 Ib/MM Btu to 0.41
Ib/MM Btu (29% reduction). The boiler efficiency was 89.3%-89.6% for baseline and
88.3%-88.5% for the LNCFS-3 system. The LNCFS-3 boiler efficiency was lower than
baseline because of higher post-retrofit flue gas O, levels and higher stack temperatures
which accompanied the air heater retrofit. When the LNCFS-3 system and the baseline
were compared at similar flue gas temperatures and compositions, the estimated
LNCFS-3 boller efficiency was 0.2% (absolute) higher than baseline. With the LNCFS-3
system, fly ash LOI below 4% was maintained, and CO emissions did not increase.

PCGC-3 COMBUSTION MODEL

The project included an evaluation of the PCGC-3 combustion model, a comprehensive
computer model (3-dimensional) developed under funding from the National Science
Foundation to Brigham Young University and the University of Utah through the
establishment of an Advanced Combustion Engineering Research Center (ACERC). The
model was used to optimize the operation of the combustion equipment, especially the
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design of the combustion modifications to the furnace. Through the use of the model, the
project was able to demonstrate on the utility scale the validity of the model and quantify
the NOx reduction achieved through its use.

The evaluation included a study performed by ACERC using the Milliken Station Unit #2
furnace to compare test data with predictions from the coal-qualified PCGC-3
combustion code to assess the reliability of the model in predicting furnace behavior.
The study concluded that full-scale furnace testing with sensitive laboratory instruments
can be successful; that a larger number of grid nodes is required for 3-D combustion
model solutions to yield adequate predictions for a boiler as large as Milliken Station’s;
that coal devolatilization rate constants have a significant influence on the predicted
results, especially in the near-field; that far-field comparisons between measured and
predicted data are better than near-field comparisons. Analysis suggests that near-field
comparisons can be improved with larger numbers of grid nodes and improved code
sub-models. Trends for important variables like NOx and carbon-in-ash are correctly
represented, but quantitative comparisons can be improved, especially in the near-field.
Continued efforts in evaluation of computerized computational methods should yield
improved comparison results. Emphasis will need to be placed on improved near-field
burner geometric models, turbulence intensity models, grid size effects, and more
precise wall heat flux predictions. In summary, the study found that computerized
predictions of large-scale utility furnaces can successfully be made. This is particularly
encouraging considering the vast number of computations that a code must execute
without error to accomplish these kinds of predictions.

NO,OUT® SNCR System

In addition to the LNCFS installed on both units for primary NO4 emissions control, the
NO,OUT® selective noncatalytic reduction (SNCR) technology was to be installed on
Unit 2 to provide a further reduction in NOx emissions. The NOxOUT® process achieves
NOyx reduction by the reaction of NOx with urea injected into the post-combustion zones
of the boiler. The project intended to demonstrate a NOx emissions reduction of 30% or
more over that achieved with combustion modifications alone, to demonstrate cost
effectiveness of the process for NOx reduction and to determine the effects of these NOx
reduction technologies on air heater, electrostatic precipitator (ESP) and scrubber
operations and on fly ash quality.

The NOxOUT® demonstration was eventually relocated to Penelec’s Seward Station
due to concerns over potential air heater fouling. Because Seward Station is not
equipped with low NOy burners the project was not able to demonstrate reductions NOx
emissions over that achieved with combustion modifications alone. Also, because
Seward Station is not equipped with an FGD system, the project was not able to
determine the effects of the NOXOUT® technology on scrubber operations. As of this
writing results of the testing program conducted at Seward have not been published.
When available the results of this demonstration will be included in a future topical
report.
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PLANT ECONOMIC OPTIMIZATION ADVISOR

The Plant Economic Optimization Advisor (PEOA) is an on-line performance support
system developed by DHR Technologies, Inc. to assist plant personnel in meeting the
requirements of Title IV of the 1990 Clean Air Act Amendments. The PEOA system was
installed on both Milliken units. The system integrates key aspects of plant information
management and analysis to assist plant personnel with optimization of overall plant
economic performance, including steam generator and turbine equipment, emissions
systems, heat transfer systems, auxiliary systems, and waste management systems. The
PEOA system automatically determines and displays key operational and control
setpoints for optimized cost operation. The system provides operators with on-line
emissions monitoring and diagnostic capabilities, along with rapid access to reports and
trend information. The PEOA optimization algorithms evaluate key emissions data
parameters, including NOy, SO,, O,, CO, CO,, carbon in ash, and opacity, plus other
operational parameters such as boiler and turbine mixing. The system provides "what-if"
capabilities to allow users to employ the optimization features to evaluate various
operation scenarios. In addition to providing optimized setpoint data, the PEOA system
also provides plant operators and engineers with expert advice and information to help
optimize total plant performance.

Initial evaluation of the PEOA system included two series of tests, one short-term (about
3 hours) and one long-term (48 hours). Results of these tests were promising but
inconclusive. Both tests indicated that PEOA could maintain NOx and Loss on Ignition
(LOI) levels within their designated limits. Though PEOA's ability to increase plant
efficiency was not demonstrated over the long term, some positive short term
improvements were observed. The short-term test showed improvement in both gross
and net generation for approximately 20 minutes after which they settled to
approximately their initial steady state levels. The long-term test showed an increase of
approximately 1 MW in both gross and net generation outputs, about a 0.84% increase
in energy sales income. PEOA provided some recommendations during the long-term
test which produced some surprising and undesirable conditions. These tests failed to
prove PEOA as a useful tool at Milliken and the users were skeptical of it. In response,
certain program changes were implemented and the system was re-tested. As of this
writing results of the performance testing of the modified PEOA system have not been
published. When available this information will be included in a future topical report.

ESP UPGRADE

The project also included upgrading the station’s electrostatic precipitators (ESP) to
accommodate production of commercial grade gypsum by the FGD system. Originally,
each unit’s particulate control system consisted of two ESP’s in series, stacked one on
top of the other. Each ESP had two fields energized by a total of ten transformer-rectifier
(TR) sets. During the modifications, the bottom ESP was removed completely and the
top one was rebuilt. The internals of the top ESP were replaced using a wide plate
spacing design by Belco and a third field was added. Six new computer controlled TR
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sets were installed replacing the originals. With a 16-inch plate spacing, the modified
units are smaller and require less energization power. The SCA at full load decreased
from 392 to 175 ft* per 1,000 acfm of flue gas. Even with the reduced SCA, the new
design was projected to have a higher removal efficiency because the wider plate
spacing permits higher applied voltages. The effectiveness increased 80%; that is, the
new effectiveness is 1.8 times the original (16 over 9). Similarly, the operating power
was expected to decrease by 262 kW.

CONSOL Inc. Research & Development conducted performance tests on the original
and modified ESP’s. The same coal was fired in the boiler during these tests. Results
indicate that the modified ESP performs better than the original unit at a lower operating
(power) cost. Overall particulate penetration for the modified ESP is about half that of the
original ESP. This improvement occurs with a 25% savings in V-I power requirements.
The modified ESP has a smaller plant footprint with fewer internals and a smaller SCA.
Total internal plate area is less than one-half that of the original ESP’s, tending to lower
the capital cost.

After the Unit 2 ESP upgrade was installed, the performance of an ESP computer model
(ESPert™) was evaluated by comparing the predicted performance with actual ESP
performance. This evaluation shows that the ESP model significantly under-predicted the
performance of the Milliken ESP when firing a medium sulfur bituminous coal.
Corrections to the ESPert™ model improved the prediction but could not fully resolve the
differences. The model appears unable to adequately predict the effect of the wide plate
spacing. Diagnostic messages confirmed that the operating conditions for this ESP are
outside the range expected by ESPert™. Additional tests with other coals are needed to
define the effects of wide plate spacing.

MILLIKEN STATION ENVIRONMENTAL MONITORING PROGRAM

An environmental monitoring program was conducted at Milliken to meet the compliance
monitoring requirements of the various permitting agencies and to track the performance
of the demonstration technologies. The program monitored stack emissions, ambient air
guality, solid waste production, disposal, and sales, and noise pollution.

The installation of Low NOyx Concentric Firing System Level 3 (LNCFS-3) burners to
reduce NOx emissions while maintaining high combustion efficiency and acceptable fly
ash loss on ignition (LOI) reduced annual NOyx emissions from 0.61 |bs/mmBtu for
baseline operations to 0.39 Ibs/mmBtu for post retrofit operations, a 36% reduction in
NOyx emissions. Upgrades of the ESP on both units reduced the average particulate
penetration from 0.22% to 0.12% while reducing the ESP power consumption by 25%.
The flue gas desulfurization system achieved an average SO, removal efficiency over
the monitoring period of approximately 88%, including testing periods in which operating
conditions were varied to determine effects on removal efficiencies.
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The ambient levels of SO,, NO,, O3, TSP and PMy, at all monitoring sites were found to
be below ambient air quality standards throughout the entire 4-year ambient monitoring
program. Analysis of the ambient air quality data collected in the surrounding area for
the two years prior to NYSEG’s Milliken Station FGD retrofit and the year and a half after
the retrofit, revealed significant changes to the ambient air quality. The ambient SO,
levels showed a reduction by an average of 40-50% over the course of the study. The
ambient NO; levels were reduced by an average of 10-15% at the North and South
monitoring sites, while very little change was observed in the NO; levels at the East site
over the same period. Ambient ozone levels appeared to be reduced slightly, while no
discernible changes were observed in the TSP and PM,, ambient levels.

Solid waste generation by Milliken Station during 1995 - 1996 is depicted on Figure 2.
Fly ash disposal was initially high due to the tuning of the LNCFS-3 burners. Fly ash
disposal dropped off during the course of the year as optimization of the burners was
finalized, allowing more of the fly ash to be sold. During the second quarter of 1995
gypsum disposal was due to the problems experienced with the centrifuges. However,
during the fourth quarter the jump in gypsum disposal was primarily market driven as
NYSEG negotiated a final purchase agreement with a wall board manufacturer. Sludge
disposal increased as a result of starting up the FGD brine feed water treatment and
both FGD modules becoming operational.

FIGURE 2

Summary of Solid Wast
1995 - 1997
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By-product marketing activity during 1995 - 1996 is depicted on Figure 3. The sales of fly
ash reflected the tuning of the new burners system in which much of the ash exceeded
the maximum percentage (4%) of unburned carbon. As the operating experience with the
burner system increased, so did the salability of flyash. The gypsum sales followed
increased production due to the start-up of the Unit 1 FGD module in June 1995 and the
development of contractual commitments for the gypsum. Since 100% of the bottom ash
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is sold as anti-skid material in the winter months, sales of bottom ash are directly related
to production at the Station. Bottom ash is stored on site until the winter season when it
is sold to local municipalities. The bottom ash and some gypsum were stockpiled at the
solid waste disposal area while the fly ash was immediately sold to be used in concrete
mixes. Sales of these combustion by-products have helped to prolong the life of the solid
waste disposal facility as well as generating a revenue stream for the company.

FIGURE 3

Summary of By-Product Sales
1995 - 1997
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Noise measurements taken during the periods of July 20-23, 1992 and August 28-30,
1995 for baseline and project operational conditions, showed that only at one out of
seven locations was the noise from Milliken readily discernible during both daytime and
nighttime periods and that an increase in residual noise levels due to the Milliken CCTD
project occurred only at the one monitoring location, where the increase was 1 dBA. No
instances of annoying tonal noise were identified. The CCTD project met the
environmental noise criteria of the special permit conditions.

AIR TOXICS & EMISSIONS CHARACTERIZATION

A comprehensive measurement program was conducted to characterize the emissions of
selected trace substances from Milliken Station's Unit 2, both pre- and post-retrofit of
S0O,, NOx and particulate control systems. Removal efficiencies were determined for key
air toxic compounds (Hg, Ni, As, Be, Cd, Cr*®, BaP, dioxins and furans). A system mass
balance was developed for the metals.

The ESP was found to be effective at removing trace elements, found primarily in the
solid phase, from the flue gas stream, with an average removal efficiency of 99.7%.
Major ash elements were effectively removed by the ESP at an average efficiency of
99.9%. The FGD removed trace elements at an average removal efficiency of 36.0%,
and major elements at an average efficiency of 62.6%. The ESP removal efficiency for
mercury was 16.7% and the FGD removal efficiency was 59.8%. Thus, overall removals
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by the ESP and scrubber combined were 99.81% for trace elements found primarily in
the solid phase, 99.96% for major ash elements and 66.5% for mercury.

With the exception of selenium, ESP inlet trace and major element results were in good
agreement with coal input levels. From comparisons with coal input and flyash levels,
selenium results for the ESP inlet and ESP outlet were severely biased low. Severe
negative matrix interferences from the high levels of sulfur found in the ESP inlet and
ESP outlet samples hindered their analyses for selenium. It is believed that sulfur
interferences were the main source for the low biases associated with the selenium
analytical results. Given the low levels of sulfur contained in the stack EPA Method 29
samples and the lack of matrix interferences encountered during analysis, the stack
selenium results were considered valid.

Reported hexavalent chromium results show that the ESP and FGD combined to remove
hexavalent chromium from the flue gas stream at an efficiency of 26%. This efficiency is
likely understated since the hexavalent chromium level at the stack was 4.2 times higher
than the total chromium value measured by the EPA Method 29 sample train.

The ESP removal efficiency for filterable particulate was 99.88%. ESP and coal mill
upgrades for the post-retrofit test program reduced ESP outlet particulate concentrations
by almost a factor of ten when compared to pre-retrofit levels. Retrofit stack particulate
emissions averaged 0.007 gr/dscf or 0.014 Ib/10° Btu.

Chloride, fluoride, and sulfur were found predominantly in the gaseous phase. The FGD
was effective at removing chloride, fluoride and sulfur from the flue gas with average
removal efficiencies of 99.4%, 98.7% and 93.1%, respectively. Mass balance results
confirm particulate and anion flue gas concentration levels.

For PAH emissions, only naphthalene, 2-methylnaphthalene, phenanthrene, and
fluoranthene were measured at the stack at levels two times higher than the analytical
detection limit or notably above field blank values. No dioxin or furan isomers were
detected at levels greater than twice the field blank.

Benzene concentrations measured at the ESP outlet averaged 2.3 ppb compared to 1.1
ppb at the stack. This difference across the FGD is not considered significant. Average
toluene concentrations measured at the ESP outlet of 23 ppb were significantly higher
than that of 7.2 ppb measured at the stack. It is not clear whether this difference is due
to actual FGD removal or if it is just an artifact of measurement uncertainty.

Stack formaldehyde emissions averaged 9.2 ppb which was 10 times higher than ESP
outlet concentrations measured at 0.9 ppb. A possible source for the additional
formaldehyde is the formic acid used by the FGD process, which can have formaldehyde
as an impurity. On the other hand, stack formaldehyde sample and field blank levels
were similar.

Executive Summary Page xlviii
Project Performance and Economics Report



ESP outlet SO; concentrations were 5.8 ppm compared to 4.9 ppm at the stack.

Particle size distribution at the ESP outlet averaged 76% less than 10 microns, 56% less
than 2.5 microns, and 36% less than 1 micron.

In general, material balances were excellent for the post-retrofit test program. With the
exception of selenium, all trace element and anion precursor (i.e. chlorine, fluorine, and
sulfur) balances fell within the acceptable range of 70-130%, with most balances
between 80-115%. All major element balances fell within the acceptable range of 80-
120% range, with most between 90-110%.

Excellent FGD balances were seen for trace and major elements (including anion
precursors) existing in the ESP outlet/FGD inlet flue gas at levels above 1 Ib/10"Btu. For
trace elements above this level in which an FGD balance could be reported, namely
arsenic and mercury, balances ranged from 92-107%; for the major elements (excluding
phosphorus and sodium), balances were consistently between 93-112%; and for the
anion precursors, FGD closures fell within 97-102%.

MERCURY SPECIATION

A utility-scale field evaluation was conducted of four techniques for mercury speciation,
the Ontario-Hydro method, the TRIS Buffer method, EPA Method 29, and Frontier
Geosciences' solid sorbent scrubber technique. For the FGD outlet/stack location,
excellent agreement among the Frontier Geoscience, Ontario-Hydro and TRIS Buffer
measurements was obtained for Hg(0) and Hg(ll). Hg(0) results ranged from 2.45-2.94
Hg/Nm® (excluding Method 29) and Hg(ll) results ranged from 0.15-0.35 pg/Nm?®
(excluding Method 29). Good to excellent agreement existed among Frontier, Ontario-
Hydro, TRIS and EPA Method 29 for total mercury with results ranging from 2.66-3.29
Hg/Nm®. For the ESP outlet/FGD inlet, excellent agreement among Frontier, Ontario-
Hydro, and TRIS was obtained for Hg(0) with levels ranging from 2.28-2.70 pug/Nm?®. The
Ontario-Hydro and TRIS Buffer values were in good agreement for Hg(ll); and Ontario-
Hydro, TRIS and EPA Method 29 were in excellent agreement for total mercury. In
comparison with the Ontario-Hydro and TRIS Buffer results, the EPA Method 29 mercury
speciation values exhibited a high bias for Hg(ll), and a low bias for Hg(0). There was
excellent agreement between the average FGD outlet/stack Hg(0) result as measured by
the Semtech mercury analyzer with the other valid measurements at that location. FGD
removal efficiencies were between 95-97% for Hg(ll) (excluding EPA Method 29) and 59-
65% for total mercury. Boiler/ESP mass balance results using Frontier Geoscience,
Ontario-Hydro, TRIS Buffer, and EPA Method 29 total mercury values yielded 103%,
83%, 78%, and 85% agreement, respectively, between process streams. Total mercury
FGD mass balance results for Frontier Geoscience, Ontario-Hydro, TRIS Buffer, and
EPA Method 29 were 79%, 90%, 99%, and 93%, respectively.
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MILLIKEN-POST RETROFIT "TRUE" EVALUATION

The Milliken project provided a unique opportunity to study the benefits that the FGD
system affords to ecological receptors in the general area around the station. This was
accomplished by performing an ecological risk assessment (ERA). An ERA is a process
which evaluates the likelihood that adverse ecological effects are occurring or may occur
as a result of exposure of ecological receptors to one or more environmental stressors.
An environmental stressor is a physical, chemical, or biological factor which can induce
an adverse ecological response. For the Milliken ERA, the stressor of potential concern
was mercury released to the atmosphere as a result of fuel combustion at Milliken
Station. The ERA characterized the potential risk posed by emissions from the Milliken
Station before and after installation of the FGD system. The ecological habitats and
resources at or in the vicinity of the Milliken Station were characterized. These include
wetlands and local water bodies, terrestrial uplands, threatened and endangered
species, and important ecological features within a 50 km radius of the facility.

The evaluation used the EPRI TRUE (Total Risk and Uncertainty Evaluation) model to
assess the potential for the FGD system to mitigate transferal of toxic materials from the
plant site to the ambient environment. The TRUE model allows a comprehensive
evaluation of the movement of hazardous pollutants into and through many
environmental pathways and the manners in which humans and ecosystems may be
exposed to these pollutants.

The results of the ERA for the pre-retrofit conditions indicated no potential ecological
concern due to pre-retrofit mercury emissions from the Milliken Station for any of the
aquatic or terrestrial ecological receptors. The analysis indicated that the predominant
source of risk to all of the receptors is through the surface water exposure pathway,
either through direct ingestion or through consumption of aquatic organisms with bio-
accumulated mercury. All of the modeled media concentrations were well below
screening values and the results of the food web modeling produced no Hazard
Quotients (HQ’'s) which exceeded 1.0. For the aquatic receptors, the highest risk was
due to methylmercury in the sediment, but the HQ (0.0033) was two orders of magnitude
below a level of concern. For the wildlife receptors, the greatest risk was indicated for
the top trophic predators in the aquatic pathway (i.e., mink (HQ = 0.15); bald eagle (HQ
= 0.26)), but again below the level of concern. These results indicate that the pre-retrofit
conditions do not lead to mercury emissions that have adverse impacts on the local
environment.

The post-retrofit risk characterization indicated that there were no exceedances of eco-
toxicological benchmarks or HQ > 1.0 for either total mercury or methylmercury for any of
the ecological receptor communities or representative species due to current emissions
from the Milliken Station facility. The highest HQ’s observed were for bald eagle (HQ =
0.0015) and mink (HQ = 0.0043); both of which are below potential concern. Overall,
these results indicate negligible ecological risk associated with the future mercury
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smokestack emissions. Potential future ecological risks are approximately one order of
magnitude less than those estimated for the pre-retrofit scenario.

MILLIKEN BY-PRODUCT UTILIZATION STUDIES

Flyash, which is marketed as concrete additive, can be adversely affected by the
installation of the Low NO, Concentric Firing System (LNCFS) and the Selective Non-
Catalytic Reduction (SNCR) process. Increased carbon and ammonia concentrations
can result in unmarketable ash. It was assumed that the ash property most influenced by
the use of low NOx burners was the LOI. To confirm this assumption, ash samples taken
before and after the low NOyx burner conversion were processed through the suite of
tests required by the ASTM C618 protocol. The samples met all ASTM specifications for
use as a mineral admixture in Portland cement concrete. Except for particle size, there
was no substantial difference in the chemical compositions or the physical properties of
the samples.

In the recent past, the fly ash produced at Milliken met the NYDOT specification for
cement replacement, a high value utilization option. NYDOT's specification requires ash
to have an LOI value of less than 4% in addition to passing the ASTM C-316 protocol.
This LOI requirement is one of the most stringent in the USA. Daily data on fly ash
guality and NOyx emissions gathered over a five-year (1992-1996) period demonstrated
that a 39% reduction in NOx was achieved using LNCFS-3 low NOx burners while
producing a fly ash meeting the stringent NYDOT LOI requirement of less than 4%.
During the two years directly following the installation of low-NOyx burners on Unit 1 and
Unit 2, 91% to 92% of the fly ash produced at Milliken was sold into the high value
cement replacement market.

Two new by-products were generated as a result of the operation of the FGD system:
gypsum and calcium chloride brine. Separate studies conducted for each by-product
include surveys and market assessments of potential usage of these products in the
United States as well as cost assessments and design considerations associated with
operating experience for their handling and conditioning.

The calcium chloride study found that CacCl, is an undifferentiated commodity chemical
with well-established, mature markets. The principal uses/markets for CaCl, in North
America include: roadway maintenance (dust control and de-icing), 60%; industrial (coal
thawing, refrigerant, wastewater treatment), 20%; oil and gas well drilling, 5%; concrete
"setting" accelerant, 5%; tire ballast, 3%; and miscellaneous (de-inking, food, desiccant,
etc.), 7%. Historical and projected growth of these markets is less than 2% through 1997.
CacCl; is produced at 16 facilities within North America. Output from 9 of these facilities is
purchased/marketed by four companies (Dow Chemical, Tetra Chemical, General
Chemical, and Hill Brothers), representing approximately 90% of the total industry
capacity in North America. Conservatively, U.S. production capacity exceeds demand by
approximately 40%. Much of the CaCl, sold is in the form of 32%-38% brine, which is
prohibitively expensive to transport over extended distances. The study concludes that
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while excess CaCl, production capacity does exist, utilities can capitalize on niche
market opportunities if they produce by-product CaCl, in an area close to the market
and/or centralized distribution point, and at a delivered price competitive with current
suppliers. At a minimum, utilities should plan to produce CaCl, brines which are at least
32% CacCl, by weight. The selling price established by the utilities will range from $0
(with the value of avoiding disposal costs) to the existing market price. If a utility is
considering installing an FGD process and associated equipment to generate by-product
CacCl; it should identify and contact the major manufacturer(s) and distributors serving
that area. Cost and ability to deliver the product on an acceptable schedule are critical to
marketability. Intermediate storage of byproduct may be required in order to serve the
identified market.

The gypsum study found a current demand in the United States of 26 million short tons
of gypsum per year, including a chemical (by-product) gypsum market of about 0.75
million short tons per year. About half of the chemical gypsum is produced in FGD units.
Wallboard and cement manufacturers are the largest consumers of gypsum, and are
therefore the most obvious target markets for FGD gypsum producers. However, it is
possible that in the near future, with the increasing numbers of utilities that may be
producing high quality gypsum, an oversupply may exist. Agricultural applications have
been successfully demonstrated, especially in the peanut industry. The growth potential
for this market could be high if yield advantages for a variety of crops can be
demonstrated. Currently, this market is geographically limited to the more southern
regions of the United States. However, research is currently being conducted in other
regions which could potentially expand this market. Other potential markets include
specialty plasters, fillers, alternative building products and plasters for use in mining
mortars. Specialty plasters would be particularly attractive if they can be produced at a
competitive cost while maintaining quality.

The technical feasibility of substituting FGD gypsum for natural gypsum in traditional
applications including wallboard and cement manufacture, as an agricultural soil
conditioner/supplement, and in the preparation of both building and specialty plasters,
has been demonstrated. With respect to the wallboard and cement industry, the physical
form (particle size distribution, moisture content) is the most significant difference
relative to natural rock, and may require modifications to existing materials handling
equipment. In some cases, agglomeration and/or drying of the finer FGD material may
be necessary by either the utility or the end user. However, as gypsum consumers
become more experienced with FGD gypsum, they can learn to handle the material with
only minimal additional processing by the producer (i.e., adequate dewatering).
Chemical differences can be overcome and, in some cases, may be beneficial (i.e.,
purity and color). Effective techniques can reduce chlorides, the impurity of most
concern, to levels where they do not affect processes, products or applications.
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Economically, the production of a salable FGD gypsum does not add substantial costs to
the utility striving to comply with the Clean Air Act. Local environmental considerations
will be a factor in determining whether the production of high quality FGD gypsum is
economically viable (i.e., available disposal sites and costs). As disposal costs rise, the
use of FGD gypsum will be most dependent on distance and associated transportation
costs between the FGD gypsum producer and consumer, as well as localized availability
of cheap, natural gypsum of acceptable quality. With the possibility of oversupply in the
obvious markets, it would be advantageous to the utilities to undertake research, market
and product development activities to enhance the sales potential for their material in
alternative markets.

Economic evaluations indicate that the total capital requirement for an FGD retrofit for a
300 megawatt commercial plant, equivalent in technical scope to Milliken Station, is
estimated to be approximately $90 million, with a corresponding cost per kW of $300.

When plotted in $/kW vs. unit size, as shown in Figure 4, total cost trends decrease
markedly, demonstrating a clear and significant economy of scale. On a cost per kW
basis, Total Capital Requirements for a FGD retrofit similar to Milliken Station can be
expected to range from 385/$/kW for a 150 MW plant to 260/$/kW for a 500 MW plant.

FIGURE 4
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1.0 INTRODUCTION
1.1 PURPOSE OF THE PROJECT PERFORMANCE AND ECONOMICS REPORT

The purpose of the Project Performance and Economics Report is to consolidate for
public use all relevant nonproprietary information on the project, other than that already
included in the Public Design Report (Volume 1 of the Final Report), which is the other
major report required of all CCT projects.

Although the Project Performance and Economics Report is limited to nonproprietary
data, it should contain sufficient information to provide a technical and economic
overview of the project. It should serve as the primary reference for parties interested in
the technology to determine the achievements of the project and to assist them in
assessing the technical and economic applicability of the technology to their particular
situations.

The Project Performance and Economics Report contains a comprehensive description
of the total work performed under the cooperative agreement between the DOE and
NYSEG. The report summarizes all relevant reports generated previously, and contains
references to these reports. It discusses the background of the project, changes to the
design made after the Public Design Report was issued, the technical
accomplishments, the process economics, the environmental performance, and the
applicability of the demonstrated technology. The report describes the investigations
undertaken and the results obtained. The report gives NYSEG's view of the technical
status of the processes demonstrated and the plans for commercialization and
marketing. It provides adequate technology transfer and scaleup information to assist
the private sector in judging commercial potential and making informed decisions on
commercial readiness. Additionally, the report provides information to assist federal,
state, and local authorities in making sound policy and regulatory decisions regarding
commercial deployment of the clean coal technology covered in the report.
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1.2 OVERVIEW OF THE PROJECT
1.2.1 BACKGROUND AND HISTORY OF THE PROJECT

In May of 1991, New York State Electric & Gas Corporation (NYSEG) applied to the US
Department of Energy for partial funding of the $159 million project from the Clean Coal
Technology IV program. This program, a team effort between the federal government
and coal users, was designed to help ensure that the nation uses this abundant
domestic resource wisely and in an environmentally responsible manner. In September
of 1991, the Milliken Clean Coal Technology Demonstration (MCCTD) project was
chosen as a successful applicant. A Cooperative Agreement was executed between
NYSEG and the DOE on October 20, 1992. Construction began in April, 1993. The
following research organizations provided cofunding and technical collaboration and
support to the project: Electric Power Research Institute (EPRI), New York State
Energy Research and Development Authority (NYS ERDA), Empire State Electric
Energy Research corporation (ESEERCO), and CONSOL, Inc.

The Unit 1 electrostatic precipitator upgrade and combustion modifications were placed
in operation in September, 1993. The Unit 2 electrostatic precipitator upgrade, heat
pipe air heater, and combustion modifications were placed in operation in December,
1994. The Unit 2 scrubber module became operational in January, 1995. The Unit 1
scrubber module began scrubbing in June, 1995. The demonstration phase of the
MCCTD project officially began on January 17, 1995 and was completed in December,
1998.

1.2.2 PROJECT ORGANIZATION

The MCCTD project was managed within the Generation Department of NYSEG's
Electric Business Unit. A fully dedicated project management core team (see figure 1.2-
1) was supplemented using corporate resources such as legal, accounting, purchasing,
training, quality assurance, contract administration, research and development, and
public information. Technical support was provided from the existing matrix
organization. An architect engineering firm (Parsons Power Group, Inc.) was selected
through competitive bidding to supplement administrative, engineering and construction
management efforts.

Mr. Vincent W. Rider, Vice President - Electric Generation was the executive sponsor
of the MCCTD project. Mr. Rider provided a direct line of communication to NYSEG's
executive management. Mr. Rider was succeeded by Mr. J.K. Smith as executive
sponsor in 1995.

The project was managed by a NYSEG Project Manager, Mr. Dennis T. O'Dea. Mr.
O'Dea was the principal contact with DOE for matters regarding the administration of
the Cooperative Agreement between NYSEG and DOE. This included the responsibility
to coordinate the activities of support and team members to ensure successful
completion of project objectives. Mr. O’'Dea was succeeded by Mr. James J. Harvilla as
NYSEG Project Manager in 1997. The DOE Contracting Officer was responsible for all
contract matters, and the DOE Contracting Officer's Technical Project Officer (TPO)
was responsible for technical liaison and monitoring of the project.

Overview of the Project
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The following organizations interacted effectively to meet the intent of the Cooperative
Agreement and to assure timely and cost-effective implementation of the MCCTD
project from conceptual design through completion of the operation phase.

New York State Electric & Gas Corporation (NYSEG)
Saarberg-Hdlter-Umwelttechnik (SHU)

Stebbins Engineering and Manufacturing Company (Stebbins)
Nalco Fuel Tech

ABB Air Preheater, Inc.

DHR Technologies, Inc.

CONSOL, Inc.

NYSEG had primary responsibility for reporting to and interfacing with DOE and was
responsible for all phases of the project.

The overall project approach of the above Participants included the following:

A single project manager was responsible to the DOE and all project Participants for
all three project phases.

NYSEG was the primary liaison between the Government and all other
organizations, as shown in figure 1.2-2, Project Participant Organization.

The Generation Department of NYSEG's Electric Business Unit managed the
MCCTD project. NYSEG's construction management organization was responsible
for the overall construction and construction management activities of the project.
This included the organization, planning, management, direction, and supervision of
all labor and contractor operations. NYSEG was also responsible for material and
equipment receipt and inspection, equipment and material storage, temporary
construction facilities and services, erection of all equipment and material, and the
field activities of the major subcontractors during the construction period. The
architect/engineering  firm of Parsons Power Group, Inc., formerly
Gilbert/Commonwealth (G/C), selected through competitive bidding, supplemented
NYSEG administrative, engineering and construction management efforts. NYSEG,
with the aid of Parsons, developed the detailed design for the FGD system, as well
as for the balance-of-plant systems. The NYSEG-Parsons team developed
specifications and procured all equipment components directly from the original
equipment manufacturers. They developed the control system design based on
operational requirements supplied by SHU. Responsibility for receipt and
installation of all components was assigned to qualified specialty contractors. The
NYSEG-Parsons team provided construction management for all contract packages.
NYSEG normally performs major projects in this manner and has developed
organizational procedures to effectively plan, organize, and control the work.

Overview of the Project
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e SHU's main function was to supply process design and operational requirements for
the gas treatment, reagent preparation, and solids dewatering systems. SHU also
acted in an advisory role to review the detailed design and equipment selection to
protect the basic FGD system performance guarantees. They also provided
construction and start-up advisory services for the FGD system and training for
NYSEG operators.

e Stebbins' main function was to provide the design and construction of the tile-lined
FGD absorber.

e NALCO Fuel Tech's main function was to provide the design for the NOXOUT® NOx
abatement technology and to provide start-up support.

e CONSOL's main function was to assist in the development and implementation of
the test plan for the Project.

e ABB Air Pre-Heater, Inc.'s main function was to provide the design and fabrication
of the heat pipe air heater.

DHR Technologies, Inc.'s main function was to provide engineering, design,
procurement, inspection, testing, delivery, installation, training and related services
in order to provide a Plant Economic Optimization Advisor (PEOA) expert computer
system.
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FIGURE 1.2-1

NYSEG PROJECT ORGANIZATION FOR MCCTD PROJECT
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FIGURE 1.2-2
PROJECT PARTICIPANT ORGANIZATION
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1.2.3 PROJECT DESCRIPTION

The Milliken Clean Coal Technology Demonstration (MCCTD) constructed by the New
York State Electric & Gas Corporation (NYSEG) is one of the nine clean coal projects
selected for funding in Round IV of the Clean Coal Technology Demonstration
Program. This project provided a full-scale demonstration of a combination of
innovative emission-reducing technologies and plant upgrades for the control of sulfur
dioxide (SO») and nitrogen oxides (NOy) emissions from a coal-fired steam generator,
without a significant loss of efficiency.

Project Title: Milliken Clean Coal Technology Demonstration Project
(MCCTD)

Proposer and Sponsor: New York State Electric & Gas Corporation
Project Location: Milliken Station, Tompkins County, Lansing, New York

Technology: A combination of limestone scrubbing, combustion
modifications, urea injection, and enhanced heat recovery to
reduce SO, and NOx emissions while maintaining efficiency.

Application: SO, and NOx emissions reductions in pulverized-coal-fired
furnaces.

Type of Coal Used: High-sulfur bituminous (Pittsburgh seam)
Product: Pollution Control Technology

Project Size: 300 MWe

Project Start Date: October 20, 1992

Project End Date: December 31, 1998

The purpose of the project was to demonstrate the reduction of SO, and NOx emissions
without a significant decrease in plant efficiency by installing a combination of
innovative technologies and plant upgrades. These included the Saarberg-Hoélter
Umwelttechnik (SHU) process for SO, reduction, combustion modifications and the
NOxOUT® process for NOx reduction, and a high efficiency heat pipe air heater system
plus other energy-saving modifications to maintain efficiency. This project was the first
US demonstration of the SHU process, which included the first demonstration of a tile-
lined, split-flow absorber below the flues. This project was also intended to be the first
demonstration of the NOXOUT® process in a utility furnace firing high-sulfur coal.

The overall project goals were:

e To achieve 98% SO, removal from the flue gas, using limestone, while burning high-
sulfur coal and maintaining 95% FGD reliability.

e To achieve up to 70% NOy reduction using the NOxOUT® selective non-catalytic
reduction (SNCR) technology in combination with combustion modifications.
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e To minimize solid wastes by producing marketable by-products (commercial-grade
gypsum, calcium chloride and flyash).

e To achieve zero wastewater discharge.

e To maintain station efficiency by using a high efficiency heat pipe air heater system
and a scrubber system with low power requirements.

The Saarberg-Holter Umwelttechnik (SHU) process was used to reduce SO, emissions by
up to 98%. In the SHU process, the flue gas is scrubbed with a limestone slurry in a
cocurrent / countercurrent open spray tower type absorber. The slurry is maintained at a
low pH (relative to conventional wet limestone scrubbing processes) by adding formic acid,
which acts as a buffer, to the limestone slurry. A slipstream is processed for recovery of
high-quality by-product gypsum and calcium chloride. Water is recovered and recycled to
the process. This is the first US demonstration of the SHU process and includes the
innovative feature of a tile-lined, split-flow absorber constructed below the flues.

NOy emissions were to be reduced by a combination of combustion modifications and
the installation of the NOXOUT® urea injection technology. NOXOUT® technology is
capable of reducing NOyx emissions without affecting the salability of the flyash. A high
efficiency heat pipe air heater system, provided by ABB Air Pre-Heater, was installed
on Unit 2 to maintain station efficiency while SO, and NOyx emissions are being
significantly reduced. The CAPCIS corrosion monitoring system was installed in
conjunction with the high efficiency air heater system to control flue gas discharge
temperature and prevent corrosion due to acid condensation.

The demonstration project was conducted at NYSEG's Milliken Station, located at
Lansing, New York. Milliken Station comprises two 150 MWe pulverized coal-fired units
built in the 1950's by Combustion Engineering.

This demonstration was conducted over 69 months. Project activities included design
and engineering, construction, start-up, operations, and testing.

SO, REMOVAL

The SHU process is the only developed wet limestone flue gas desulfurization (FGD)
process which is designed specifically to employ the combined benefits of low pH
operation, formic acid enhancement, single loop, cocurrent / countercurrent absorption,
and in-situ forced oxidation. The unique cocurrent / countercurrent absorber does not
include any packing or grid work. This significantly reduces the potential for plugging
and erosion and reduces the energy consumption of the induced draft (ID) fans. The
cocurrent / countercurrent design reduces the overall height of the absorber vessel
compared to a conventional countercurrent design.

This project was designed to demonstrate the following features of the SHU FGD
process:

e up to 98% SO, removal efficiency with limestone,

e low limestone reagent consumption,
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e excellent stability and easy operation during load changes and transients,
e |low production of scrubber blowdown,

e freedom from scaling and plugging,

e high availability,

e low maintenance,

e production of wallboard-grade gypsum and commercially usable calcium chloride
by-products and

e improved energy efficiency compared with conventional FGD technologies.

This project provided the first demonstration of the SHU process installed directly below
the flues. This design approach saves considerable space on site and is advantageous
for existing plants where space for retrofitting an FGD process is often at a premium. It
also avoids the costs of installing and maintaining ductwork downstream of the
absorber.

The SHU FGD process was installed on both Units 1 and 2 with common auxiliary
equipment. A single split absorber was used. This innovation featured an absorber
vessel divided into two sections to provide a separate absorber module for each unit.
This design allows for more flexibility in power plant operations than a single absorber,
while saving space and being less costly than two separate absorbers.

An additional feature demonstrated was the use of a tile-lined concrete absorber. The
tile lining has superior abrasion and corrosion resistance when compared with rubber
and alloy linings and is expected to last the life of the plant. In addition, because the
tile-lined concrete construction method requires minimal construction access, it is ideal
for use in retrofit projects, where space for construction is often at a premium.

The project demonstrated that, unlike some competing processes that produce gypsum,
the SHU by-product gypsum is of excellent and consistent quality, regardless of the
plant load level or flue gas sulfur dioxide level.

This project was also the first demonstration of the production and marketing of by-
product calcium chloride. The brine concentration system was designed to allow the
SHU blowdown stream to be purified and recycled to the plant as FGD make-up water.
The calcium chloride produced from the brine concentration system was successfully
marketed as a liquid brine solution. However, operating problems with the brine
concentrator eventually resulted in its use being discontinued.

COMBUSTION MODIFICATIONS

Combustion modifications were installed on both Milliken units for primary control of
NOy emissions. These modifications consisted of replacing the existing conventional
tangential firing systems with the Low NOy Concentric Firing Systems (LNCFS)
furnished by ABB CE Services. Each system included new burners, wind boxes and
over-fire air systems. The LNCFS maximizes the NOy reduction capabilities of existing
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tangential firing systems while minimizing unit modification. The LNCFS uses a
combination of two techniques to reduce NOy: bulk furnace staging and early controlled
coal devolatilization. Bulk furnace staging takes a portion of the combustion air, which
is introduced at the fuel burning zone, and diverts it to retard air and fuel mixing. With
conventional tangential firing, the introduction of excess combustion air during the early
stages of coal devolatilization contributes significantly to the formation of NOy. The
LNCFS maximizes the bulk staging concept by using both overfire air and concentric
firing. Staged combustion is produced by introducing a portion of the secondary air,
called overfire air, above the primary firing zone. This is accomplished with a close-
coupled overfire air system, in which the overfire air nozzles are located in the top
elevations of the main windboxes, and a new separate overfire air windbox, which is
installed above the existing windbox. The concentric firing system re-directs the
secondary (auxiliary) air to the main firing zone, diverting it away from the coal stream.
In this manner, combustion stoichiometry is reduced by preventing the fuel stream from
entraining with the air stream during the initial stages of combustion. Fuel nitrogen
conversion is reduced, while maintaining appropriate oxidizing conditions along the
furnace walls. The introduction of air in the concentric firing circle is accomplished with
the installation of offset air nozzles. Another important design feature incorporated into
the LNCFS is the technique of early fuel ignition. Initiating the combustion point very
close to the fuel nozzle produces a stable volatile matter flame which is more easily
controlled under sub-stoichiometric firing conditions. A two-piece "flame attachment”
type coal nozzle tip is used to promote this strong primary flame.

NOxOUT® TECHNOLOGY

In addition to the LNCFS installed on both Units 1&2 for primary NOx emissions control,
the project planned to install the NOXOUT® selective noncatalytic reduction (SNCR)
technology on Unit 2 to provide a further reduction in NOx emissions. The SNCR
portion of the project was eventually relocated to Penelec’s Seward Station. The
NOxOUT® process achieves NOx reduction by the reaction of NOx with urea injected
into the post-combustion zones of the boiler.

The installation of the NOxOUT® technology at Milliken would have allowed this
project:

e To demonstrate a NOx emissions reduction of 30% or more over that achieved with
combustion modifications alone.

e To demonstrate the cost effectiveness of the NOXOUT® process for NOx reduction.

e To determine the effect of these NOyx reduction technologies on air heater,
electrostatic precipitator (ESP), and scrubber operations and on fly ash quality.

Because Seward Station is not equipped with low NOy burners the project was not able
to achieve the first of these objectives. Also, because Seward Station is not equipped
with an FGD system, the project was not able to determine the effects of the NOXOUT®
technology on scrubber operations.

HEAT PIPE AIR HEATER SYSTEM

Another component of the project was the addition of a high efficiency heat pipe air
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heater system, along with other equipment modifications, to maintain the station
efficiency, while SO, and NOyx emissions are significantly reduced. The CAPCIS
corrosion monitoring system was installed in conjunction with the high efficiency air
heater system to control flue gas discharge temperature and prevent corrosion due to
acid condensation. A heat pipe unit uses carefully selected liquids, sealed in tubes, as
the heat transfer media. One portion of each tube is in the flue gas stream and the
balance of the tube is in the combustion air stream. The liquid in the tube evaporates in
the hot (flue gas) portion; then the vapor flows to the cold (combustion air) end, where it
condenses. The condensate then flows back to the hot end. The need for special air
seals and the associated potential for air heater leakage characteristic of conventional
regenerative (Ljungstrom) air heater designs are eliminated with this design, which
results in reduced ID fan power consumption. Because of the high efficiency of these
units, the temperature of the combustion air is increased, which increases the efficiency
of the plant.

PLANT ECONOMIC OPTIMIZATION ADVISOR

The Plant Economic Optimization Advisor (PEOA) is an on-line performance support
system developed by DHR Technologies, Inc. to assist plant personnel in meeting the
requirements of Title IV of the 1990 Clean Air Act Amendments. The PEOA system was
installed on both of the units at Milliken. The system integrates key aspects of plant
information management and analysis to assist plant personnel with optimization of
overall plant economic performance, including steam generator and turbine equipment,
emissions systems, heat transfer systems, auxiliary systems, and waste management
systems. The PEOA system is designed primarily for plant operators but also provides
powerful, cost-saving features for engineers and managers. The PEOA system
automatically determines and displays key operational and control setpoints for
optimized cost operation. The system provides operators with on-line emissions
monitoring and diagnostic capabilities, along with rapid access to reports and trend
information. The PEOA optimization algorithms evaluate key emissions data
parameters, including NOy, SO,, O,, CO, CO,, carbon in ash, and opacity, plus other
operational parameters such as boiler and turbine mixing. The system provides "what-
if" capabilities to allow users to employ the optimization features to evaluate various
operation scenarios. In addition to providing optimized setpoint data, the PEOA system
also provides plant operators and engineers with expert advice and information to help
optimize total plant performance.

Figure 1.2-3 presents a block flow diagram of the MCCTD Project.
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FIGURE 1.2-3
PROCESS BLOCK DIAGRAM FOR MCCTD PROJECT
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DEMONSTRATION TESTING PROGRAM

To implement the Demonstration portion of the Milliken Clean Coal Technology
Demonstration Project, the following projects were identified:

1.03.69.01 Plant Economic Optimization Advisor (PEOA)

1.03.69.02 Milliken By-Product Utilization Studies

1.03.69.03 Training Simulation Models for Boiler NOyx Emission & Control at
Milliken

1.03.69.04 Chemical Emissions Measurement Program at Milliken's Unit #2

1.03.69.05 CRT-Based FGD Simulator for Milliken

1.03.69.06 Validation of Brigham Young University 3D Combustion Code

1.03.69.07 Milliken Station Environmental Monitoring Program

1.03.69.08 Stebbins Tile Test Facility

1.03.69.09* Milliken Evaluation of the Hybrid SNCR/SCR NOy Control Process

1.03.69.10 Milliken Selective Non-Catalytic Reduction Demonstration

1.03.69.11* Milliken-Unit 2 Flame Viewing Camera

1.03.69.12* Milliken-Unit 2 DUCSYS Risk Assessment

1.03.69.13* Milliken-Innovative Waste Liners

1.03.69.14 Milliken-Materials of Construction

1.03.69.15 Milliken-ESP Upgrade Evaluation

1.03.69.16 Milliken-SHU Flue Gas Desulfurization Process Evaluation

1.03.69.17 Milliken-Mist Eliminator (Including Wet Stack) Testing

1.03.69.18 Milliken-Water Toxics Treatment & Characterization

1.03.69.19 Milliken-Heat Pipe Air Heater Evaluation

1.03.69.20* Milliken-Ammonia Analyzer

1.03.69.21 Milliken Post-Retrofit "TRUE" Evaluation

1.03.69.22 Milliken-Air Toxics & Emissions Characterization

1.03.69.23 Land and Water Quality Studies

1.03.69.24 Milliken-LNCFS 3 Evaluation

1.03.69.25* Milliken-Establishing Vegetative Buffers on Poor Sites

1.03.69.26 Milliken CCT IV Test Program Management

Activities marked with an asterisk were part of the demonstration, but not DOE scope of
work.

The scope of each of the DOE funded activities is summarized below.
Plant Economic Optimization Advisor (PEOA)

This program was designed to demonstrate the capability of the PEOA to integrate with
the power plant distributed control system, performance monitoring and information
systems on a variety of network topologies, operating systems and hardware platforms.

PEOA is a neural networking system utilizing optimization algorithms for evaluating key
emissions data parameters such as NO,, SO, O,, CO, CO,, carbon in ash and opacity
in addition to other operational parameters such as boiler and turbine operation,
gypsum sales, emissions credits and coal quality. The system provides "what if"
capabilities to allow users to utilize the optimization features to evaluate various
operating scenarios.
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Milliken By-Product Utilization Studies

The principal products covered in these studies included flyash, calcium chloride and
gypsum. Flyash, which is marketed as concrete additive, can be adversely affected by
the installation of the Low NOy Concentric Firing System (LNCFS) and the Selective
Non-Catalytic Reduction (SNCR) process. Increased carbon and ammonia
concentrations can result in unmarketable ash. One objective of the By-Product
Utilization Study was to analyze flyash both pre- and post- LNCFS/SNCR installation to
determine impacts on the sale of ash due to changes in ash composition.

Two new by-products were generated as a result of the operation of the flue gas
desulfurization (FGD) system: gypsum and calcium chloride brine. Separate reports for
each by-product include surveys and market assessments of potential usage of these
products in the United States as well as cost assessments and design considerations
associated with operating experience for their handling and conditioning.

Training Simulation Models for Boiler NOx Emission and Control at Milliken

The objective of this program was to develop, demonstrate and transfer technology for
a simulation model of a coal-fired boiler for use in training operators in emission
controls. The emission process and control model provides low cost replica training
simulators for use in training plant operators to use emission controls to meet the
stringent NOy environmental regulations. The emission simulation module utilizes a
personal computer programmed with detailed process, control and emission models.
The simulator provides a tool for control room operators to: study the effect on
emissions of the various emission control equipment; develop operating experience,
confidence and accuracy in normal and abnormal operation of the emission control
equipment; follow specific operating procedures; analyze plant systems, their function
and interaction with other systems; learn operation, theory and use of plant controls
and practice response and recovery from various malfunctions.

Chemical Emissions Measurement Program at Milliken's Unit 2

The intent of this program was to characterize baseline air toxic emissions prior to the
installation of the clean coal demonstration technologies. The program scope included
determining removal efficiencies for key air toxic compounds (Hg, Ni, As, Be, Cd, Cr'®,
BaP, dioxins and furans) and developing a system mass balance for the metals.

CRT-Based FGD Simulator for Milliken

The scope of this program included the development and the performance of validation
tests of a CRT-based training simulator model for the SHU FGD system.

Validation of Brigham Young University 3D Combustion Code

The purpose of this program was to evaluate the accuracy of the Advanced Combustion
Engineering Center (ACERC) PCGC-3 combustion code to predict key parameters such as

NOy and unburnt carbon in the flyash exiting the boiler. Also included was the development
of an empirical model to predict NOy and unburnt carbon for the Milliken CCTD.
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Milliken Station Environmental Monitoring Program

An environmental monitoring plan (EMP) was developed in support of NYSEG's
application to the U.S. Department of Energy (DOE) for project funding through the
Clean Coal Technology (CCT) Program. The plan provided a comprehensive
description of monitoring programs that were implemented in response to permitting
agencies’ requirements (compliance monitoring), and to track the performance of the
FGD system and the other aspects of the project for the purpose of demonstrating the
technologies (supplemental monitoring). Quarterly environmental monitoring reports
were developed in support of NYSEG's requirements to the U.S. Department of Energy
(DOE) for project funding through the Clean Coal Technology (CCT) Program. The
environmental monitoring reports provide a comprehensive description of the
environmental monitoring programs that occurred during each quarter of the
demonstration program as a response to permitting agencies’ requirements
(compliance monitoring). The reports also address other environmental aspects of the
project for the purpose of demonstrating these technologies.

Stebbins Tile Test Facility

The purpose of this program was to document the techniques employed in constructing
an absorber module, evaluate crack repair, mortar and tile wear, pipe penetrations and
monitor operating and maintenance costs. A video was produced to document
construction techniques for installation of scrubber walls.

Milliken Selective Non-Catalytic Reduction Demonstration

The original purpose of this program was to investigate the capability of additional NOy
reduction utilizing SNCR in conjunction with LNCFS-3. Nalco's NOXOUT® process was
to be installed at Milliken utilizing various injection points within the boiler. The SNCR
process was to be optimized by varying the location and number of injection points,
reagent concentration and reagent feed. The NOXOUT® demonstration was eventually
relocated to GPU’s Seward Station. Because Seward is not equipped with low NOx
burners, the scope of this project had to be limited to evaluating the performance of the
NOXxOUT® process without upstream NOx control.

Milliken-Innovative Waste Liners

NYSEG submitted to EPRI a case study for NYSEG’s Kintigh Station solid waste
disposal liner installation. The results of this study, which was a part of the
demonstration phase of the project but not an element of the DOE scope of work, are
presented for reference in summary form.

Milliken-Materials of Construction

The scope of this program included reviewing material selection and installation
procedures for the CCTD project components, including corrosion monitoring of FGD
inlet (heat pipe air heater outlet) ductwork, documentation of Stebbins tile design,
construction methods and performance. Included are the results of long term testing of
materials of construction, maintenance requirements, and reports of contractor
inspection of metals, coatings, tile and stack materials during outages.
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Milliken-ESP Upgrade Evaluation

The purpose of this program was to assess industry's ability to predict the performance of
multiple simultaneous upgrades and to demonstrate the reduction in air toxics emissions
realized from reducing flue gas temperatures by 10-30 °F and particulate emissions by
50%. The program included performance testing to evaluate the effectiveness of the
combination of ESP upgrades in reducing particulate emissions in general, as well as fine
particulate and air toxics emissions and to evaluate the added benefits of implementing
these upgrades simultaneously with combustion modifications and pulverizer upgrades for
NOy control. Also assessed were design aspects of the ESP including power consumption,
fields, process optimization of T-R controls and final set points.

Milliken- SHU Flue Gas Desulfurization Process Evaluation

The objective of this program was to provide the U.S. utility industry with an
independent evaluation of the Saarberg-Holter Umwelttechnik (SHU) cocurrent /
countercurrent, formic acid enhanced wet limestone process, including associated
system components such as the mist eliminator/wet stack and materials of construction.
The scope of this program included evaluating absorber module chemistry for
limestone grind, formic acid and variations in recycle slurry operation relative to SO,
removal, L/G ratio, pressure drop, formate loss, oxidation air utilization and byproduct

gypsum quality.
Milliken-Mist Eliminator (Including Wet Stack) Testing

The scope of this program included documenting the performance of the full scale mist
elimination system including measurements of pressure drop, gas velocity, carryover
and droplet size distribution at design conditions and as a function of boiler load and
recycle pumps in service. The scope also included documenting the performance of the
wet stack including measurements of gas velocity, liquid loading, droplet size
distribution and analysis of stack drain composition as a function of boiler load and
number of recycle pumps in service.

Milliken-Water Toxics Treatment & Characterization

The scope of this program included evaluating heavy metals removal in the FGD bleed
stream and determining parameters for controlling mercury removal and total treatment
efficiency. The scope also included determining were the ultimate disposal and
treatment of heavy metal sludge and costs for entire treatment.

Milliken-Heat Pipe Air Heater Evaluation

This objective of this program was to provide an independent evaluation of heat pipe
air heater system for the U.S. utility industry. The scope of the study included
evaluation of thermal performance for the as-new condition and thermal performance
degradation as a result of fouling and after cleaning. Also included were assessments
of corrosion of the heater and of coupons of alternate tube materials. The scope
included reviewing the economic benefits of the system including the effects of reduced
air in-leakage, lower flue gas temperature, smaller cold side primary air fan
requirements, etc.
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Milliken-Post Retrofit "TRUE" Evaluation

The scope of this program included using the EPRI "TRUE" (Total Risk and Uncertainty
Evaluation) model to assess the potential for the CCTD to mitigate transferral of toxic
materials from the plant site to the ambient environment. Possible transferral routes
included in the study were stack emissions and contaminated water discharge streams.
The risk management approach was used to demonstrate the capability of the Milliken
project to mitigate health and ecological risks in the vicinity of the station. The "TRUE"
model allows a comprehensive evaluation of the movement of hazardous pollutants into
and through many environmental pathways and the manners in which humans and
ecosystems may be exposed to these pollutants.

Milliken-Air Toxics & Emissions Characterization

The scope of this program included characterizing baseline air toxic emissions
following the installation of the CCTD. The program scope included determining
removal efficiencies for key air toxic compounds (Hg, Ni, As, Be, Cd, Cr*®, BaP, dioxins
and furans) and developing a system mass balance for the metals.

Land and Water Quality Studies

The intent of this program was to analyze and characterize the liquid and solid wastes
generated by Milliken Station after the CCTD had been installed. The analysis was to
include physical, chemical and mineralogical composition of the wastes as well as the
leachate they generated.

Milliken-LNCFS 3 Evaluation

The objective of this program was to supplement and confirm earlier demonstrations of
the LNCFS-3 low NOyx combustion system for tangentially fired boilers. The program
scope included evaluations of the performance of this system with low-to-medium
volatile coals typically burned in the Northeast, including some with high slagging
potential. Also included were assessments of the performance achievable with a
complete windbox replacement and the use of dynamic classifiers.

Milliken CCT IV Test Program Management

Aside from its project management and administrative functions the scope of this
program included collection and analysis of plant operating data and development of
reports addressing operability and reliability and critical component failures.

1.2.4 HOST SITE

The MCCTD project is sited at NYSEG's Milliken Station located on the east shore of
Cayuga Lake in Lansing, New York, approximately 12 miles northwest of Ithaca. The
plant site is at latitude 42°36'30"N and longitude 76°38'15"W. The site is in the Town of
Lansing in Tompkins County near the junction of Seneca, Cayuga, and Tompkins
counties. The total property area consists of 322 acres. Figure 1.2-4 shows the location
of the site relative to major cities in central New York State. The surrounding region is a
sparsely populated agricultural area. The bulk of the area's population and industry is
concentrated in the cities of Syracuse, Binghamton, Elmira, Auburn, and Ithaca.
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There are two coal-fired units, Units 1&2, at Milliken Station. They are Combustion
Engineering pulverized coal-fired units which are rated at a nominal 150 MW each and
operate under balanced draft mode. Each unit is tangentially fired with four elevations
of burners at each of the four corners. Unit 1 was completed in 1955 and Unit 2 was
completed in 1958.

Cayuga Lake is approximately 39 miles long in a NNW-to-SSE direction with east-to-
west width varying between 1 and 3 miles and a maximum depth of 435 feet. At the site
the lake width is approximately 1.75 miles with a normal elevation of approximately 382
feet (msl). In the site region the terrain rises from the lake shore to an elevation of
about 800 feet (msl). Within 3 miles east of the site the terrain rises to about 1100 feet
(msl). From this region out to 50 miles or more the terrain generally ranges above 1000
feet (msl) with widely scattered high points between 2000 and 3000 feet (msl).

The terrain west of Cayuga Lake is generally similar to that east of the site. Other
glaciated valleys similar to that of Cayuga Lake exist west and northeast of the site,
forming the other Finger Lakes.

The general climate in the central New York Finger Lakes region is dominated by polar
continental air masses tracking from the north and west. Frequent invasions of air
masses from the Gulf of Mexico result in rapid variations of weather conditions. The
regional climate is characterized by long, cold winters and cool summers with
occasional warm, humid periods. Precipitation is evenly distributed throughout the year.

Seismic activity in the region of the site is low. Previous research showed that
earthquakes in the northeastern United States are infrequent. The earthquakes that do
occur in the northeastern United States are usually of shallow focus and characterized
by low magnitude and/or intensity.

Of the type of land on site, the area of construction was mainly grassy with a length of
trees surrounding a small, rocky ravine running through the site. The area surrounding
the plant up to one mile from the site boundary consists of mostly cropland and lake,
with forest and forest brushland making up the next largest classification. This area is
sparsely populated with no major population centers.

The site holds several significant advantages to the demonstration. Milliken Units 1 and 2
have, over the years, proven to be two of the most efficient and reliable units in the nation.
This proven track record ensured that the demonstration would proceed smoothly
according to schedule on units that had to operate to meet load demands. Units 1 and 2 are
base loaded units, assuring a good demonstration and providing the opportunity for
potential users to observe the technologies in commercial operation. The selection of such
an efficient plant underscored the demonstration project team's commitment to achieve high
SO, removal efficiency with minimal FGD energy consumption.

Milliken Station Units 1 and 2 are two comparably sized boilers. This feature was key to
the development of this project. It allowed demonstration of the split module absorber
concept and, at the same time, permitted independent operation of the SHU process on
each boiler unit. Operation of identical absorbers at independently variable conditions
allowed process data to be more fully verified and facilitated identification and analysis
of abnormalities, either process or physical, as they occurred.
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The site holds all the prerequisites to demonstrate this technology, including access,
water, rail transport, roadways, electric power, labor force, coal supply and other
required utilities as follows:

Water Supply - Cayuga Lake provides an abundant source of water which is used
for all plant needs. The relatively small amount of makeup water required for the
FGD system did not require additional water withdrawal from the lake.

Railroad Access - Railroad access was available on site to meet the requirements
for coal deliveries to the station. Rail access was available as required for delivery
of equipment and construction materials.

Electric Power - All power requirements for both the construction and operational
phases of the project were easily met from Milliken Station. FGD power is provided
by a new substation constructed on the power plant site.

Labor Force - Construction labor force was available through the Ithaca Building
and Construction Trades Council which has as members craftsmen from all required
trades, including carpenters, iron workers, laborers, plumbers and electricians. The
operating force was readily supplied from current NYSEG employees at the power
plant and from the labor force of the surrounding area.

Coal Supply- Eastern U.S. coal was the major source of supply. The Milliken site
accommodates coal delivery via both truck and rail. The majority of coal is delivered
by rail.

Other Utilities - All other utilities such as potable water and sewage treatment were
provided by the preexisting power plant resources.

Though Milliken was previously in compliance with all air quality emission standards,
changes due to the 1990 Clean Air Act Amendments (CAAA) required more stringent
control of air emissions. The installation of the advanced FGD and NOy control systems
with this project ensured that Milliken Station will meet or exceed all current and all
newly imposed CAAA SO, and NOy requirements.

The location of the site in the Finger Lakes region of New York State makes this plant a
contributor to acid rain deposition in the Adirondack and the Catskill Mountains.
Completion of the project on this site provides environmental benefits to these
important natural resources. Due to Milliken's location in New York State,
transboundary emissions to Canada are theoretically reduced.

The plant's location in a scenic area raised local concerns about the site's
appropriateness for a technology demonstration. However, NYSEG found the
surrounding communities as a whole to be supportive of the project due to its many
environmental benefits. NYSEG, committed to an active community contact program,
began making public contacts prior to project award to inform officials and concerned
citizens about plans and address their questions. Initial contacts were favorable and
continued throughout the project.

Milliken's proven operating history, its access to water, transportation, road, power,
labor and fuel resources, and its proximity to the Adirondack and Catskill Mountains
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and Canada made it an excellent site for a Clean Coal Demonstration Project.

FIGURE 1.2-4
STATE MAP OF SITE LOCATION
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1.25 PROJECT SCHEDULE

An overview of the project schedule can be seen in figure 1.2-5. The Milliken project
was chosen as a successful applicant for partial funding from the Clean Coal
Technology IV program in September of 1991. A Cooperative Agreement was executed
between NYSEG and the DOE on October 20, 1992. Construction began in April, 1993.
Unit 1 electrostatic precipitator upgrade and combustion modifications were placed in
operation in September, 1993. Unit 2 electrostatic precipitator upgrade, heat pipe air
heater, and combustion modifications were placed in operation in December, 1994. The
Unit 2 scrubber module became operational in January, 1995. The Unit 1 scrubber
module began scrubbing in June, 1995. The demonstration phase of the MCCTD
project officially began in January of 1995 and was completed in December of 1998.

Milestone schedules for each of the three project phases are included in Appendix A.
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FIGURE 1.2-5
OVERALL SCHEDULE FOR MCCTD PROJECT
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1.3 OBJECTIVES OF THE PROJECT

The objectives of the project were to demonstrate the reduction of SO, and NOx
emissions without a significant decrease in plant efficiency by installing a combination
of innovative technologies and plant upgrades. These included the Saarberg-Hoélter
Umwelttechnik (SHU) process for SO» reduction, combustion modifications and the
NOxOUT® process for NOx reduction, and a high efficiency heat pipe air heater system
plus other energy-saving modifications to maintain station efficiency. This project was
the first US demonstration of the SHU process, which included the first demonstration
of a tile-lined, split-flow absorber below the flues. This project was also the first
demonstration of the NOxOUT® process in a utility furnace firing high-sulfur coal.

The overall project goals were:

 To achieve 98% SO, removal from the flue gas, using limestone, while burning
high-sulfur coal and maintaining 95% FGD reliability.

* To achieve up to 70% NOx reduction using the NOXOUT® selective non-catalytic
reduction (SNCR) technology in combination with combustion modifications.

* To minimize solid wastes by producing marketable by-products (commercial-grade
gypsum, calcium chloride, and flyash).

* To achieve zero wastewater discharge.

* To maintain station efficiency by using a high efficiency heat pipe air heater system
and a scrubber system with low power requirements.

The SHU process is the only developed wet limestone flue gas desulfurization (FGD)
process which is designed specifically to employ the combined benefits of low-pH
operation; formic acid enhancement; single loop, cocurrent / countercurrent absorption;
and in-situ forced oxidation. The unique cocurrent / countercurrent absorber does not
include any packing or grid work. This significantly reduces the potential for plugging
and erosion and reduces the energy consumption of the induced draft (ID) fans.

This project was designed to demonstrate the following features of the SHU FGD
process:

up to 98% SO, removal efficiency with limestone

low limestone reagent consumption

excellent stability and easy operation during load changes and transients

low production of scrubber blowdown
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» freedom from scaling and plugging
* high availability
* low maintenance

» production of wallboard-grade gypsum and commercially usable calcium chloride
by-products

» improved energy efficiency compared with conventional FGD technologies

This project provided the first demonstration of the SHU process installed directly below
the flues. This design approach saves considerable space on site and is advantageous
for existing plants where space for retrofitting an FGD process is often at a premium. It
also avoids the costs of installing and maintaining ductwork downstream of the
absorber.

The SHU FGD process was installed on both Units 1 and 2 with common auxiliary
equipment. A single split absorber was used. This innovation featured an absorber
vessel divided into two sections to provide a separate absorber module for each unit.
This design allows for more flexibility in power plant operations than a single absorber,
while saving space and being less costly than two separate absorbers.

An additional feature demonstrated was the use of a tile-lined concrete absorber. The
tile lining has superior abrasion and corrosion resistance when compared with rubber
and alloy linings and is expected to last the life of the plant. In addition, because the
tile-lined concrete construction method requires minimal construction access, it is ideal
for use in retrofit projects, where space for construction is often at a premium.

The project demonstrated that, unlike some competing processes that produce gypsum,
the SHU by-product gypsum is of excellent and consistent quality, regardless of the
plant load level or flue gas sulfur dioxide level.

This project was also the first demonstration of the production and marketing of by-
product calcium chloride. The brine concentration system was designed to allow the
SHU blowdown stream to be purified and recycled to the plant as FGD make-up water.
The calcium chloride produced from the brine concentration system was successfully
marketed as a liquid brine solution. However, operating problems with the brine
concentrator eventually resulted in its use being discontinued.

The project included combustion modifications to both units for primary NOx emission
control. Combustion modifications were an integral part of the project, since they
reduce NOx levels by about 20%. In addition, the NOxOUT® SNCR technology was to
be installed on Unit 2 to provide a further reduction in NOx emissions over that
achieved by the combustion modifications alone. The NOxOUT® process achieves NOx
reduction by the reaction of NOx with urea injected into the post-combustion zones of
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the boiler.

The installation of the NOxOUT® technology at Milliken would have allowed this
project:

« To demonstrate a NOx emissions reduction of 30% or more over that achieved with
combustion modifications alone

 To demonstrate cost effectiveness for NOx reduction

» To determine the effect of these NOx reduction technologies on air heater,
electrostatic precipitator (ESP), and scrubber operations and on fly ash quality

The SNCR portion of the project was eventually relocated to Penelec’s Seward Station.
Because Seward Station is not equipped with low NOy burners the project was not able
to achieve the first of these objectives. Also, because Seward Station is not equipped
with an FGD system, the project was not able to determine the effects of the NOXOUT®
technology on scrubber operations.

Another component of the project was the addition of a high efficiency heat pipe air
heater system, along with other equipment modifications, to maintain the station
efficiency, while SO, and NOyx emissions are significantly reduced. The CAPCIS
corrosion monitoring system was installed in conjunction with the high efficiency air
heater system to control flue gas discharge temperature and prevent acid corrosion
due to condensation.
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1.4 SIGNIFICANCE OF THE PROJECT

Public Law 101-549, the 1990 Clean Air Act Amendment (CAAA), requires many
existing coal-burning power plants to reduce sulfur dioxide (SO2) and nitrogen oxides
(NOy) emissions. Considering the technology options which are commercially available
today, it appears that these existing plants will have to rely heavily on wet flue gas
desulfurization (FGD) and NOyx mitigation upgrades to reach the levels of sulfur and
NOy required by legislation.

Flue gas desulfurization is a commercialized technology that has been applied to both new
and existing coal-fired utility boilers in the United States since the 1970's. As of February
1989, there were 149 FGD-equipped boilers in commercial service representing
63,289 MW of installed generating capacity and another 18 FGD-equipped boilers,
representing 7,726 MW of capacity, planned for future service. The majority of these FGD
processes were installed in response to the New Source Performance Standards (NSPS) of
December 1971 and June 1979 which mandated SO, emission limitations of 1.2 b per
million Btu (heat input to the boiler) and a sliding scale of 0.6 to 1.2 Ib per million Btu (70 to
90 percent removal), respectively. The remainder of these FGD processes are retrofit
applications (38 boilers, amounting to 12,531 MW of capacity) that were installed to meet
state or local environmental regulations. As such, the status of FGD technology as applied
to the United States utility industry is one directed primarily toward new source applications
and FGD retrofit to existing plants in response to the recently passed clean air legislation.

Emissions of nitrogen oxides from coal fired boilers have typically been controlled
through combustion modification technology. This technology will not ensure
compliance with the mandated reductions. This is evident in the regulatory exception
provided in the CAAA for those units where combustion technology fails to meet the
emission limits. While the first phase of the CAAA will allow continuation of this
practice, stricter guidelines scheduled to be set forth in 1997 will be required to be
based on the best available technology taking in to account the costs and energy and
environmental impacts. Therefore, control technologies which can demonstrate
compliance with emission goals on a cost effective basis will be commercially desired.

FGD FOR NEW BOILERS

FGD technology development and application has been largely driven by the new
boiler market. Consequently, the typical FGD process design philosophy uses small
(up to 150 MWe plant size) absorber towers, a spare absorber tower, and liberal
sparing of primary and auxiliary components. Moreover, conventional FGD designs
require large amounts of space for waste disposal.

FGD RETROFIT TO EXISTING BOILERS

Retrofit to an existing plant presents problems that are much more difficult than for new
plants. Often, the space available for the FGD system is limited, and accessibility for
installing the FGD system, maintaining that equipment, or removing old equipment is
difficult. Lack of space to retrofit an FGD system at an existing site leads to concerns
that include:

The placement of a number of small absorber towers plus spares becomes difficult
or impossible.
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Sparing of primary and auxiliary components becomes difficult.
Available space for waste disposal is at a premium.
Accessibility for operation and maintenance becomes difficult.

The net result is a retrofit FGD process that is more expensive, less reliable, difficult to
maintain and incapable of performance levels associated with a comparable new
system. Generally, this situation becomes more acute for older, smaller existing
boilers. All other things being equal, older and smaller plants are more difficult to
retrofit than newer and larger plants. This situation occurs because in older boilers,
space is usually limited in the beginning. It is further complicated by the fact that older
plants are generally modified over time to accommodate new technology. For example,
many plants have added or replaced their existing particulate control equipment with
additional or new electrostatic precipitators. This reduces the area that might normally
be used for an FGD retrofit. This situation is especially acute for existing coal-fired
utility boilers in the eastern US where the average age of utility boilers is over 25 years.

SHU WET FGD PROCESS

The FGD process selected for demonstration for NYSEG's Milliken Station is the
Saarberg-Holter Umwelttechnik GmbH (SHU) wet limestone process which was
developed in Germany, where one of SHU's parent companies is an electric utility.

The SHU process is uniqgue among wet limestone processes in that it was designed to take
advantage of the benefits available from low pH operation by adding small amounts of
formic acid to the recycle slurry. The formic acid improves the SO, removal efficiency of the
wet limestone process, eliminates scaling and plugging, and acts as a buffer to control the
pH drop of the recycle slurry. Other suppliers have at times attempted to use an organic
acid to improve the performance of their FGD system processes which did not in some way
meet performance requirements. However, no other supplier except SHU offers a system
designed at the onset to take full advantage of the many inherent benefits of formic acid
buffering. Unless an FGD system is initially designed to use an organic acid, many of the
benefits of buffering are lost. The system will not be properly configured to take full
advantage of low pH absorption unless specifically designed for it.

SHU Process Development

Saarberg-Holter Umwelttechnik GmbH was formed in Germany in the mid-1970's as a
joint venture between Saarbergwerke AG, an electric utility, and Holter GmbH, an
engineering company, and was assigned the task of developing an FGD process that
would have high SO, removal efficiency, high reliability, and low maintenance, while
producing a marketable by-product.

Laboratory-scale experiments indicated that organic acids enhanced SO, removal in
calcium-based FGD systems. A 40 MW demonstration plant was installed at
Saarberg's Weiher Il power station, followed by a 175 MW commercial unit at the
Weiher llI station in 1979. These installations were designed to use a lime slurry,
buffered with formic acid addition, as the reagent for SO, absorption. The absorbers
were of high-velocity, cocurrent, venturi-throat design with 85% removal efficiencies. A
separate oxidizer tank for sulfite oxidation and a thickener for primary dewatering were
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installed. Although these plants were successful in operation, the operating costs were
high due to the high pressure drop across the absorber and high lime prices.

In 1982, a second unit at Weiher Ill was commissioned utilizing a cocurrent type absorber
and limestone as the reagent, and 90% SO, removal efficiency was achieved. As a result of
the experience gained from the first unit at Weiher lll, the oxidation step was integrated into
the absorber sump, and the thickener was eliminated. A similar design was installed at the
Saarberg Bexbach station. More stringent acid rain legislation was passed in Germany in
1982. To meet the new limits, all subsequent SHU installations utilized a combination
cocurrent / countercurrent absorber designed to achieve 95% SO, removal efficiency
tracking 200 mg SO./m® or 70 ppm. The highest sulfur dioxide inlet concentration
demonstrated in a commercial unit is 2.5% sulfur (bituminous coal equivalent) at the RWE
Neurath lignite station. The system has been demonstrated on single modules of 125 to
550 MW, firing low-sulfur bituminous coal, oil and lignite fuels. The system has also been
demonstrated successfully on two 20 MW stations in Turkey burning 8% sulfur lignite.

Overall there have been approximately 30 installations of the SHU FGD process in Europe
and Asia, serving over 8,000 MWe of plant capacity. Based on the greater than 98%
reliability experienced on previous SHU units the last two FGD units at Saarberg, which
discharge the treated gas to the cooling tower, were purchased without a stack for bypass.

Significant Features of the SHU Process Demonstration

The key features of the SHU FGD technology which contribute to its marketability are
competitive capital and operating costs, consistently high SO, removal (95-98%) over wide
load ranges; efficient limestone utilization; ease of operation during plant transients;
consistently high quality gypsum by-product; low energy requirements; excellent reliability
and low maintenance cost. The process's formic acid buffering permits operations within a
pH range that precludes the formation of sulfite scale, often a problem in competing wet
FGD systems. The buffering also has another significant advantage in that it permits high
SO, removals at lower liquid to gas ratios. SHU absorbers may be used effectively on a
wide range of boiler sizes. The SHU process is also particularly well suited for the
treatment of flue gas from burning high-chloride coals, because of the buffering effect of the
formic acid additive. No prescrubber is required, and the process can operate with more
than 50,000 ppm chloride in the recycle slurry without a detrimental effect on performance.
Chlorides absorbed from the flue gas exit the system as calcium chloride dissolved in the
scrubber blowdown stream. The calcium chloride can be recovered and sold as a by-
product for road deicing, used as a desiccant, etc.

The ability to produce commercial grade gypsum, calcium chloride and other potentially
useable material will be a key economic element in the total evaluated cost for some
systems. Successful demonstration of this feature will add to the SHU process
flexibility and cost advantage, thereby enhancing its commercial viability. The
demonstration is consistent with the goals of environmental regulators in reducing
landfilled waste.

SHU's European and Asian installations have shown that the process is capable of
high SO, removal efficiency, high reliability, low maintenance, high energy efficiency
and high limestone utilization, at competitive capital cost while producing salable
byproducts and a reduced FGD blowdown stream when compared to other
commercially available FGD systems. The MCCTD project was designed to
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demonstrate that these superior capabilities are achievable while treating flue gas from
boilers fired with about 1.7 to 4.2 % sulfur US sub-bituminous coals, which are typical
fuels utilized in Eastern US coal-fired utility boilers, with equipment available in the
United States, and when the FGD system is operated and maintained in accordance
with normal US utility practices.

An important project goal was to demonstrate that the reliability achieved by the SHU
process in Europe can be achieved with US coals, US designed and manufactured
components and US operating and maintenance practices. |If this reliability can be
demonstrated, then the cost savings of constructing an FGD system without a spare
absorber module can be made available to US utilities.

The SHU design includes a below-stack absorber, a feature which should greatly
enhance the acceptance of SHU technology as a retrofit option to a large number of
existing plants with similar space restrictions as Milliken Station. FGD processes, such
as SHU, which offer below-stack designs will fit at existing sites where another type of
FGD system would otherwise have to find expansion room that often is unavailable.
Construction costs at constricted sites are higher. There are design compromises and
construction is difficult. Therefore, site-specific retrofit FGD cost should be lower for
below-stack designs compared to designs which do not allow below-stack absorbers.

The concept of constructing an absorber module below the flues has not been previously
demonstrated in the US, although this concept has been demonstrated at the 220 MW
coal-fired Mellach Generating Station, located near the City of Grax in southeast Austria.
The plant, which supplies electricity and district heating to the city and the neighboring
region, burns a variety of coals procured in the international coal market with sulfur
contents ranging from 0.3% to 2.0%. The plant is equipped with a single absorber module
(no spare). The FGD process uses wet limestone in an open countercurrent spray tower
and produces commercial-grade gypsum. The scrubbed flue gas is reheated. The
cylindrical spray tower and its accessories, including the slurry recycle pumps, are located
inside the enlarged base of the stack. The stack has a single acid resistant brick and
mortar flue to handle both cleaned and raw (bypass) gas. The plant went into commercial
operation in 1986 and has since operated satisfactorily, meeting or exceeding SO, removal
efficiency and system reliability guarantees.

The Milliken demonstration project differs from the Austrian unit in several significant areas.

The MCCTD project uses multiple stack flues vs. a single flue for the Mellach Plant. The
multiple flue design presents a more complex structural problem, especially with respect to
supporting the flues above the absorber module. Mellach has a circular absorber base, the
Milliken demonstration is rectangular. The Milliken design utilizes a wet stack whereas the
Mellach Plant has reheat. Successful operation without reheat would provide further
evidence that expensive reheat can be eliminated. The reference plants operate with low
sulfur coal whereas the demonstration was designed to use coals with up to 3.2 percent
sulfur coal and to test coals up to 4.0 % sulfur coal. Higher sulfur content generally
requires higher liquid-to-gas ratio for a given SO, removal efficiency which imposes a
greater load on the absorber's mist eliminator. Mist eliminator performance at these higher
loadings is key to avoiding carryover of slurry and potential solids buildup in the stack flue.

If significant amounts of solids were to accumulate on the inner surfaces of the stack
flue, agglomerated deposits may break off, falling back into the absorber module,
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possibly causing damage to its internals. This degree of buildup will be a function of
process chemistry, process design and mist eliminator performance. Excessive solids
buildup on the flue liner should appear, if at all, during the demonstration run. The
programs of inspections during the demonstration period were designed to alleviate
this concern.

Finally, the total capacity of the demonstration plant is 300 MW as compared to 220
MW for the Mellach Plant. This difference translates to a larger stack diameter and a
somewhat more complex structural design which has been successfully implemented at
Milliken.

Successful transfer of an overseas technology to the United States involves the division of
responsibility between the technology's overseas developer and the architect/engineer
responsible for detailed design and procurement. The overseas company must be
sufficiently involved in the project's design to ensure that the design details essential to
system performance are properly addressed. The domestic architect/engineer must have
sufficient knowledge of the basic process design to ensure the proper selection of US
manufactured components and the proper application of US codes and standards. The
design approach outlined in Section 1l.F.1.2 of the Demonstration Project Proposal was
intended to address these interface issues. Although the SHU process has been
demonstrated using the technology and equipment available in Europe, this demonstration
will only use equipment available in the US.

The demonstration tested all aspects of the technology at commercial scale on a
commercial coal-fired unit. Data collection, analysis and reporting performed during the
operations phase included on-stream factors, material balances, equipment performance,
efficiencies and SO, emission levels. The data generated are directly applicable to other
applications and provide valuable information to permit commercialization.

Performance of the SHU Process

Successful demonstration of high SO, removal efficiency (up to 98%) will provide the utility
industry a process that is capable of providing flexibility. The 1990 CAAA establish utility
wide emission allowances. The individual utility has flexibility in reducing SO, emissions
from individual boilers and in earning SO, emission credits which can be marketed. The
SHU process, with up to 98% SO, removal capability, provides the utility with greater
flexibility in developing compliance plans.

The parametric testing program described in Section 4.8 was designed to quantify the
performance of the FGD process under varying conditions of coal sulfur content, formic
acid concentration, scrubber L/G ratio, flue gas velocity and limestone grind size while
operating at high chloride concentration (approximately 40,000 ppm) and 1.02 limestone
utilization ratio. The results reported in Section 4.8 verify the process's capability for high
SO, removal efficiency with high energy efficiency and high limestone utilization, even in
the presence of high chloride concentrations. The testing program included sampling and
analysis which confirmed the consistently high-quality of the gypsum by-product and the
marketability of the calcium chloride brine produced.

Operability and Reliability of the SHU Process

The SHU process reliability reported during commercial operation in Europe exceeds
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95%. The SHU FGD demonstration project reliability results at Milliken will be reported
to the DOE and included in marketing materials produced and published by SHU. A
three year demonstration should be adequate to assess the goal of 95% reliability
without spare modules on high sulfur coal as well as to assess the reliability of many of
the individual components.

Milliken station has a minimum 20 year remaining life. There will be continuing
feedback after the demonstration run on maintenance costs and reliability for individual
components as well as total plant.

Section 4.8 also discusses the operating history of the SHU process demonstration with
emphasis on ease of operation, frequency of process upsets and ease of recovery from
such upsets. Specific problems encountered are discussed together with the solutions
developed to eliminate them. The process's performance stability and load following
performance are described. Critical component failures are described and analyzed.
System reliability and availability are quantified. The observations made during periodic
inspections are summarized with emphasis on the degree of solids accumulation in the
ductwork, absorber and stack flues, which are critical to the viability of the below stack
design concept. The data presented confirm high reliability, low maintenance and ease of
operation during plant transients that are characteristic of the SHU process.

Economics of the SHU Process

The successful demonstration of removal efficiency, low energy consumption with high
availability without spare modules, based on SHU organic acid buffered, limestone
reagent, low pH chemistry would realize the potential for substantial capital and
maintenance cost savings over the present FGD designs.

Section 6 presents the estimated capital and operating and maintenance costs for the
SHU process that were derived from the data collected during the demonstration. The
results confirm the competitiveness of the process when compared to other
commercially available FGD systems.

STEBBINS REINFORCED CONCRETE, SEMPLATE™ CERAMIC TILE ABSORBER

The FGD absorber for Milliken Station is constructed of the Stebbins Reinforced Concrete /
Ceramic Tile system. Stebbins ceramic tile is abrasion, corrosion, and thermal shock
resistant. It is durable and provides exceptional strength. The tile system is amenable to a
broad range of FGD chemical environments and is not limited to the SHU process.
Ceramic tile is corrosion resistant throughout the entire range of FGD operating conditions
(temperature, pH, chloride concentration, and organic acid additives).The Stebbins
construction can be implemented as a separate structure for new or retrofit installations or
implemented as here as an below-stack absorber to save space. It can also be
implemented as a single module or as a split module absorber as at Milliken. In addition,
the construction can be implemented for virtually any of the currently available wet lime or
limestone FGD process designs as well as for the SHU process.

Reinforced concrete vessels lined with Stebbins' proprietary SEMPLATE™ ceramic tile are
commonly used in corrosive services in the pulp and paper, chemical, and mining
industries, but application of this technology to FGD absorbers has been limited. This
method of construction was developed in the early 1930's by Stebbins. Since then, they
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have constructed thousands of vessels. During the last few years, Stebbins has completed
many projects in the power industry, including both retrofit linings and new construction.
Stebbins successfully designed and installed four M.W. Kellogg horizontal-weir type
scrubbers of reinforced concrete, SEMPLATE™ ceramic tile construction at Big Rivers
Electric's D.B. Wilson generating Station in Centertown, KY. The first three modules were
completed in 1982, and the fourth was installed in 1986.

The MCCTD project differs in several respects. The M.W. Kellogg design is for horizontal
gas flow whereas the Milliken absorbers have vertical, cocurrent/ countercurrent, gas flow.
Therefore, the Milliken absorbers are much taller. D.B. Wilson Station has three operating
modules with one spare, while Milliken has a single split module absorber (forming two
operationally independent halves, one for each unit) with no spare. The reliability demand
for Milliken Station is much greater. The SHU process operates at a lower pH, formic acid
enhanced, higher chloride environment than the M.W. Kellogg process. The Milliken
project demonstrates the applicability of Stebbins' ceramic SEMPLATE™ tile construction
to a more corrosive environment. The SHU process has traditionally employed rubber-
lined carbon steel as the absorber material.

A goal of the MCCTD project is to demonstrate the superior abrasion and corrosion
resistance of the Stebbins design compared to more conventional alloy and elastomer or
flakeglass lined steel absorbers. This superiority will be of even greater significance as
ever tightening liquid discharge limits require FGD systems to operate with zero liquid
discharge, forcing high chloride concentrations in the recirculating slurry. Demonstration of
the Stebbins tile construction in conjunction with the SHU FGD process design further
enhances the acceptance of Stebbins technology as a retrofit option and as a new plant
option. The SHU process operates at lower pH and at higher chloride concentrations than
other wet lime/limestone processes, and presents a potentially more corrosive environment
in the absorber. Additionally, the SHU process with its cocurrent/countercurrent design
requires an interior wall with both sides exposed to the process. Successful demonstration
of the Stebbins tile system in this application should enhance its acceptance as a
construction option.

Corrosion of the absorber module is a problem that has plagued the FGD industry
since the earliest installations. A great variety of solutions to this problem have been
tried over the years. One class of solutions has involved the application of various
coatings or linings over a carbon steel substrate. The success of this class of solutions
has been influenced by many factors including suitability of the coating material for the
application, adequacy and quality control of installation methods, proper substrate
preparation, etc. It is widely recognized that regardless of the care taken in the
selection and installation of the lining system, extensive repair or replacement will be
necessary sometime during the life of the plant.

The second major class of solutions to the corrosion problem has been to use corrosion
resistant alloys in the construction of the absorber module. In cases where the proper
alloy has been specified this solution has provided corrosion protection for the life of
the plant. However, for severe applications the required grade of alloy can be
prohibitively expensive. Recent designs have utilized a thin sheet of alloy material
spot-welded to a carbon steel substrate to reduce the cost of the alloy design.

Conventional lined carbon steel and alloy absorber constructions require that the
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absorber module be shutdown in order to repair leaks in the absorber walls. Repair of
absorber module coatings and linings, when applied over carbon steel substrate,
requires that the absorber module be shut down for significant periods of time. A
valuable asset of the Stebbins tile construction is that leaks in exterior walls can be
repaired from outside the absorber vessel, with the absorber in operation. Successful
demonstration of this advantage of the Stebbins tile system further enhances absorber
availability and further reduces the need for a spare absorber module, saving plot
space and capital cost, important considerations for a utility company selecting an
absorber construction.

The units at Milliken Station have high capacity factors, 85%. Both units are included to
demonstrate the reliability of the Stebbins tile, split module concept. A key aspect of this
concept is that internal inspection and maintenance can be performed in one half of the
module while the other half is in operation. In order to show that all necessary maintenance
activity can be performed during scheduled boiler outages (and not affect generating unit
availability) each module section was sized to handle the flue gas from one boiler, thus
ensuring that the flue gas from at least one unit could always be processed. A measure of
the success of the demonstration is whether all necessary maintenance can be performed
without bypassing or without forcing shutdown of one or both boilers.

A major risk associated with employing the Stebbins' tile reinforced concrete design
concerned potential corrosion of the concrete and rebar, due to leakage through cracks in
the tiles or deteriorated mortar. To repair leaks, Stebbins devised a repair method based
on visual detection of a leak, drilling a hole from outside of the vessel, and pumping sealant
through the hole to seal the leak. Since repairs to the external walls may be safely made
while the unit is in operation, unscheduled shutdown for leaks should not be required. In
addition, inspection and repointing, if necessary, of the mortar between the tiles is be
performed during scheduled boiler outages.

Because of its resistance to chemical attack and its ease of repair, the reliability of the tile
and mortar system is expected to be superior to any other material for absorber
construction, and life cycle costs are expected to be substantially lower than those of either
a steel alloy absorber or a carbon steel absorber lined with chlorobutyl rubber or flake
glass. In addition to increased reliability and decreased maintenance, the expected life of
the tile lining is three to four times that expected for rubber liners. The demonstration of a
corrosion resistant design lasting the life of the plant at significant cost savings when
compared to alloy construction should be a significant benefit to the utility industry.

Many of the older coal-fired boilers that are potential candidates for retrofit FGD systems
have very limited plot space available for the installation of scrubbers. The construction of
an absorber in the base of the stack has often been proposed as one solution to this
problem. However, concerns exist in the utility industry with the practicality of this
approach. Practical issues primarily concern design interface details between the scrubber
and the stack, such as how the stack flue will be supported, and constructibility issues such
as the construction of the absorber module in tight quarters. Because the Stebbins tile,
split module absorber design consists of a below-stack absorber this demonstration project
will greatly enhance the acceptance of Stebbins technology as a retrofit option to a large
number of existing plants with limited site space. Absorber construction systems such as
Stebbins tile which offer below-stack designs will fit at existing sites where another type of
construction would otherwise have to find expansion room that is often unavailable.
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Site-specific retrofit FGD cost is lower for below-stack designs than for those designs which
do not allow below-stack absorbers.

Many of the utility boilers that are potential candidates for the installation of FGD systems
are extremely limited with respect to constructibility access. Construction costs at
constricted sites are higher and therefore there are design compromises and construction
is difficult. The constricted site advantages of Stebbins tile construction are not limited to
below-stack designs. Limited construction access is necessary to implement the reinforced
concreteftile lined system. This asset enables a utility company to retrofit a Stebbins
absorber between existing structures without having to provide space for cranes to lift large
sections of steel or alloy absorber shell.

The MCCTD project utilizes the unique concept of a split module absorber design. The
Milliken FGD absorber is a concrete vessel with tile lining that has a common center
dividing wall to provide each unit with its own absorber module. Since each side of the
vessel operates independently of the other, this split module design allows the flue gas
from each boiler to be independently treated at a lower capital cost than would be required
for the construction of two separate vessels. The split module design concept also
provides the plant with greater operating flexibility and reliability than a single large module
while, at the same time, it saves valuable plot area compared to two separate modules.

The split module design concept would be applicable to power stations with multiple
boilers and high capacity factors. Each module section, 150 MW, is applicable to a
significant proportion of the older coal-fired boilers impacted by the recent Clean Air
Act Amendments. Design details developed and demonstrated during the
demonstration project are directly transferable to these units. The project size is such
that these details can be easily scaled to suit boiler units from 100 MW to 320 MW, per
module section. The split module design can also be utilized as two 50% capacity
modules. Design details are therefore be directly applicable for boilers of 320 MW and
easily scalable to 640 MW.

The integration of two FGD modules in a single vessel has not previously been
demonstrated commercially. The primary risk associated with a split module design, as
compared with two independent modules, concerns the integrity of the central wall that
divides the module into independent halves and thermal expansion problems that could
result from a high temperature gradient across this wall. With the split module design,
there will always be flue gas flowing on one or both sides of the central wall. Repairs to
this wall, such as sealing leaks and repointing, are performed while there is hot gas on
the opposite side. Important goals of the project are demonstrating the success of the
repair method and proving the reliability of the split module design and the ability of the
central wall to act successfully as a barrier between a hot operating module and a cool
off-line module.

A major cause of the premature failure of absorber module coatings and linings has
been high temperature excursions. Such excursions may occur as a result of air heater
failure causing the temperature of the inlet flue gas to rise to approximately 700 °F from
its normal value of less than 300 °F. Loss of power to the absorber recycle slurry
pumps and/or quench spray pumps can prevent the proper quenching of the inlet gas,
exposing the absorber lining to higher than design gas temperatures. Either of these
conditions can severely impact liner life and can, if severe enough, cause catastrophic

Significance of the Project Page 1.4-9
Project Performance and Economics Report



liner failure. The Stebbins SEMPLATE ceramic tile provides natural resistance to these
temperature excursions, effectively eliminating this mode of liner failure, obviating the
need for extensive relining outages, thereby enhancing absorber availability. This
enhanced availability further reduces the need for a spare absorber module, presenting
utility companies with significant plot space and cost savings.

The most marketable aspect of the tile itself should be its expected lower life cycle
costs compared with other construction materials. The life cycle costs associated with
the use of a tile and mortar lining system are expected to be substantially lower than
those of either steel alloy or rubber liners. The combination of durability and reliability
will enable Stebbins to effectively market this product to FGD vendors and utilities.

Operability and Reliability of the Stebbins Absorber

The operating history of the Stebbins Absorber will be the subject of a future topical
report. The report will include observations made during periodic inspections with
emphasis on the degree of corrosion, abrasion and cracking of the tile and mortar
system. The report will summarize maintenance records collected during the
demonstration run and document types and costs of maintenance, the impact on
availability and boiler operational status during the maintenance activity. All incidences
of leakage, repairs and repointing will be reported. Critical component failures will be
described and analyzed. The data presented should confirm the high reliability and low
maintenance characteristic of the Stebbins construction.

Economics of the Stebbins Absorber

Section 6 presents the estimated capital and operating and maintenance costs for the
Stebbins Absorber that were derived from the data collected during the demonstration.
The results confirm the competitiveness of the construction method when compared to
other commercially available designs. These data could be used by utility companies
in their economic evaluation of this design option.

HEAT PIPE AIR HEATER SYSTEM

The MCCTD project includes replacement of the Unit 2 Ljungstrom® type air heaters
with ABB Air Preheater heat pipe type air heaters. The heat pipe, an innovative
replacement option for conventional air heaters, offers energy savings by eliminating
air leakage across the air heater and by allowing lower average exit gas temperatures
(to maximize air heater energy recovery) by maintaining a uniform gas temperature
profile. The application of this technology at Milliken also intended to use the CAPCIS
corrosion monitoring system in conjunction with air heater air bypass control to
minimize flue gas temperature while preventing corrosion of downstream components.

Use of Air Heaters In Utility Boilers

The hot flue gases from coal-fired electric utility boilers contain significant amounts of
thermal energy. At 650°F, the sensible heat of the flue gas leaving a boiler economizer is
typically about 15 percent of the fuel energy. Common practice is to recover most of this
energy by preheating the combustion air in recuperative or regenerative heat exchangers.

In a recuperative heat exchanger, the flue gas and air streams are separated by the
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heat transfer surface. Heat energy from the flue gas is transferred directly across the
heat transfer surface to the air. Tubular air heaters (figure 1.4-1) in which the hot flue
gases pass through metal tubes with air passing around the outside of the tubes are
the most common type of recuperative heat exchanger used. These units provide a
passive operating design with no moving parts and, when new, can have a low or zero
leakage between the air and flue gas sides. The units are, however, physically large
as compared to other types of air heaters and are prone to cold-end corrosion and
fouling if tube wall temperatures drop below the acid dew point of the flue gas. With
time, air leakage increases as more and more tubes corrode through. With acid
condensation, serious fouling can occur due to the formation of sticky fly ash/acid
poultices. Poultice formation can plug tubes. For the open tubes, this increases outlet
temperatures and flue gas side pressure drops.

FIGURE 1.4-1
TUBULAR RECUPERATIVE AIR HEATER, THREE AIR PASS - COUNTER FLOW
UNIT
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The rotating wheel (rotor) Ljungstrom® type exchanger is the most common type of
regenerative air heater used by utilities. In these units, heat is transferred indirectly
from the hot flue gases to the cooler combustion air through an intermediate medium; in
this case, a basketed rotor containing many corrugated metal plates (figure 1.4-2). The
corrugations separate the plates and provide a torturous path for gas or air to flow to
improve the heat transfer. The rotator continuously turns through the flue gas and air
streams. The metal plates in the rotor baskets absorb sensible heat from the flue gas
as the rotor turns through the flue gas side of the exchanger. This heat is transferred
to the air as the hot plates rotate through the air side. The design is compact and
provides efficient heat transfer.

Significance of the Project Page 1.4-11
Project Performance and Economics Report



FIGURE 1.4-2
ROTATING BASKET (LJUNGSTROM® TYPE) REGENERATIVE AIR HEATER
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Although there are seals around the rotor, leakage from the combustion air side of the
exchanger into the flue gas side is perhaps the biggest problem with the design. The
leakage occurs in three areas, across the radial seals, in the clearance between the rotor
and the metal case, and by entrainment from the basket gas passages as the baskets
rotate from the air side into the flue gas side. When new, the air leakage may be as low as
5% of the incoming flue gas flow. As the seals wear, this can increase to 15-25% or higher.
The air leakage increases the forced draft fan power consumption since the leaked air by-
passes the combustion step and more combustion air must be supplied. The induced draft
fan power also increases since the flue gas flow out of the air heater increases by the
amount of air leakage. Additionally, the air leakage reduces plant thermal efficiency since
less heat is transferred to the combustion air, and increases maintenance on the air heater
due to the need to replace or adjust worn seals.

Description of the Heat Pipe Air Heater Concept

The heat pipe is a new heat exchanger design which can be used for utility air heaters.
The heat pipe design has the potential to eliminate many of the problems associated with
the tubular and Ljungstrom® air heater designs and to operate at somewhat lower flue gas
outlet temperatures which would improve overall plant heat rates. Heat pipe air heaters
operate as regenerative exchangers in which heat from the hot flue gases is indirectly
transferred to the cold air by means of a working fluid. The operation is illustrated in figure
1.4-3. The heat pipe tubes are partially filled with a heat transfer working fluid. The heat
pipe tube is sealed under high vacuum to insure that the only gas inside the tube is the
working fluid vapor. Passing hot flue gases over the lower end of the tube causes the
working fluid to boil and the vapors to flow to the cold end of the tube. Cold air flowing over
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the top of the tube condenses the vapors releasing latent heat which heats the air. Since
the heat pipes are mounted at a slight angle from horizontal (5° for the Milliken units), the
condensed liquid flows by gravity back to the evaporator end of the pipe to repeat the cycle.
Wall grooves or wicks are sometimes used inside the heat pipe tubes to improve wall
wetting and heat transfer.

FIGURE 1.4-3
HEAT PIPE CROSS SECTION

e
- CONDENSER
o EVAPORATOR — 7
HOT,
FLUE GAS INSIDE SURFACE

GROOVES <(wALL WICK)

. \\\

CONTINuUOUS WELD -
SPIRAL FINS ‘
VN VN VR ‘ v \ ' ‘ N \/‘ \
Y

««g««g««««@««@(@
AT NITIITITKH , ﬁ FILL/ET\{chuATmN

HEAT TRANSFER FLUID

COLD
HEAT SEGMENTED COMBUSTION
END PLUG PIPE SPIRAL FINS AIR

TUBE

S° SLOPE

Inside a heat pipe, heat is transferred by boiling and condensing heat transfer
mechanisms. For these mechanisms, heat transfer can proceed at extremely high
rates as compared to conduction and/or convection. Because of this, a heat pipe can
transfer several thousand times the amount of heat energy as solid copper for a given
temperature difference. Due to the high internal heat transfer rates, individual heat
pipes operate essentially isothermally with very small temperature differences between
the hot and cold ends. This aids in achieving uniform outlet temperatures for heated
and cooled process streams.

Depending upon the application, many different materials can be used as working fluids
including: liquefied gases, water, hydrocarbons, chlorofluorocarbons, and liquid metals.
The working fluid must be operated below its critical temperature, must be compatible
with the tube wall material, and must be stable and not decompose under operating
conditions. For the Milliken air heater design, naphthalene was selected for the high
temperature sections and toluene used in the intermediate and cold end sections.

A full-scale heat pipe air heater consist basically of two ducts with a common wall.
Individual heat pipe tubes extend through the common wall across both ducts (figure 1.4-4).
Hot flue gases flow through one duct while cold combustion air flows through the other
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duct. The tubes are usually seal welded or gasketed in some fashion at the common wall
to prevent air leakage between the flue gas and air sections. The ends of the tubes are
free to expand or contract as necessary within the duct casing. By extending the individual
tube surface through the use of fins, compact units can be designed.

FIGURE 1.4-4
TYPICAL HEAT PIPE AIR HEATER CONSTRUCTION
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The main advantages of the heat pipe air heater design over tubular designs are:
compactness, a lower potential for air leak development, and uniform temperature
distribution across the heat transfer zone. The common wall divider between the flue gas
and air sections is made of a thick, heavy metal plate which is unlikely to corrode through
over the life of the unit. Additionally, each heat pipe tube provides a double barrier against
air leakage. Should a tube become penetrated on the flue gas side due to corrosion, the
tube would loose the charge of working fluid and become inactive. Air would not however
flow into the flue gas section unless the air end of the tube also became punctured, an
unlikely event. Finally, because each heat pipe operates isothermally along its length, the
outlet temperatures for both the heated and cooled streams can be controlled more exactly
and uniformly. This potentially could benefit utility air heaters by eliminating flue gas side
cold spot areas and allowing operation at lower outlet temperatures due to tighter control of
the cold-end heat transfer surface metal temperatures.

Heat Pipe Commercialization Status

Prior to the Milliken demonstration project, heat pipe air heaters have been used in
smaller coal fluidized-bed, gas, and oil boilers. Over 100 heat pipe air heaters have
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been installed, mostly on smaller industrial boilers and fired heaters. Many have been
in operation for over 10 years. To date, the most relevant utility installation of heat pipe
air heaters is at West Penn Power's Pleasant Station in Willow Island, WV, a 626 MW
unit. The heat pipe is one of two primary air heaters. The heat pipe system has a
capacity of 39.2 million Btu/hr, which is approximately half the size of the unit for the
MCCTD project. The fuel used at Pleasant Station is Pittsburgh seam coal with a 3.2%
sulfur content. The heat pipe system has been in service for over 7 years with
excellent results, and it was over 4 years before the fins needed to be washed. The
utility is very pleased with the heat pipe system's performance, especially the low
maintenance and zero leakage.

Significant Features of the Heat Pipe Air Heater Demonstration

The heat pipe air heater has wide potential market appeal. It is suited to any power
generator, either utility or industrial, seeking reduction of leakage, heat rate
improvement and wide latitude in range of operating temperatures. Its use is suited to
many applications beyond simply scrubber upgrades. The demonstration of heat pipe
air heater technology will extend its applicability from fluidized bed boilers, oil fired
boilers, and gas fired boilers to commercial-sized, conventional, bituminous coal-fired
boilers.

The technical concerns associated with the use of the heat pipe air heaters include
plant shutdown or low load operation due to heat pipe unavailability. Factors which
may cause heat pipe unavailability include:

corrosion of tubes due to SO3; condensation;

inability to achieve design heat transfer rates due to unanticipated fouling and/or
inability to clean the heat transfer surfaces;

inability to handle the required throughput of flue gas due to high pressure drop and
plugging.

These risk factors were addressed in the design of the air heater by considering corrosion
resistant tubes where appropriate, by using conservative fouling factors in the design and
by providing for adequate soot blowing coverage. These risks were mitigated by installing
the heat pipe air heater system on only one of Milliken's two units.

The demonstration tests all aspects of the technology at commercial scale on a
commercial coal-fired unit. Data collection, analysis and reporting performed during
the operations phase includes on-stream factors, material balances, equipment
performance thermal efficiencies. The data generated are directly applicable to other
applications and provide valuable information to permit commercialization. The
demonstration provides information concerning corrosion rates, the impact of fouling on
heat transfer characteristics, the impact of fouling on gas-side pressure loss and the
design and placement of soot blowers to minimize fouling.

The key benefits of the heat pipe air heater system, compared to conventional air
heater technology include:

Improved Heat Rate Due to Eliminating Air Leakage. As described above, both
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tubular and rotary regenerative (Ljungstrom®) air heaters allow significant leakage of
combustion air into the flue gas downstream of the economizer. With the heat pipe
system there is no (0%) leakage between the combustion air and the flue gas. The
leakage reduces the flue gas temperature and causes corrosion and fouling of the air
heater in areas of flue gas acid condensation. The leakage increases forced and
induced draft fans loads, reduces boiler thermal efficiency (since less heat is transferred
to the combustion air) and increases maintenance on the air heater through the annual
replacement of seals.

Improved Heat Rate and Reliability Due to Less Potential for Corrosion. Conventional
regenerative (Ljungstrom®) air heaters experience problems because of their rotating
nature and the resulting high temperature differential between the metal elements and the
flue gas. As the air heater elements rotate between hot flue gas and cold combustion air,
the metal baskets are heated and cooled. The metal that is cooled in the combustion air is
instantly subjected to hot fly ash and sulfur oxides on the flue gas side. This causes the
sulfur oxides to condense and corrode the baskets and seals, while the fly ash
agglomerates and fouls the air heater passages. Conventional recuperative tube air
heaters are designed with the flue gas flowing through the tubes, in a crossflow
arrangement. The crossflow arrangement results in poor gas distribution and a high
temperature differential between the flue gas and the combustion air at the air inlet and the
gas outlet areas. Because the distribution is poor and the difference in temperature is high,
acids in the flue gas condense and tube corrosion occurs. Heat pipe air heaters do not
suffer from either high temperature differentials or poor gas distribution. The heat pipe is
designed with the flue gas flow over the tubes, which enhances gas mixing and provides a
more uniform temperature profile than either the tubular or regenerative air heaters. The
heat pipe operates on counterflow principles and the heat pipes are isothermal. The result
is that the air and gas stream temperatures along a row of heat pipes are virtually uniform,
with a temperature differential of close to zero. A much smaller percentage of the total tube
bundle and the center tube sheet surface area is exposed to corrosive conditions.
Therefore, flue gas acid condensation is reduced and corrosion and fly ash agglomeration (
and fouling) are greatly reduced.

Flexible Design. Tube pitch and tube pattern can be designed to reduce fouling and
cleaning. The pitch and pattern set the gas velocity to establish a self-cleaning
scouring action, and to assure that the soot blowing is thorough. The fin density design
sets the expected wet fouling zone and fin biasing is used to increase the heat recovery
and move the minimum metal temperature row by row. Fin thickness and tube wall
thickness influence the effects of corrosion. The choice of tube and fin materials of
construction sets the lower exit gas temperature. The modular construction and the
provision for the replacement of individual pipes allows for heat pipe optimization and
reconfiguration. Therefore, if corrosion occurs, or occurs at a greater rate than is
acceptable, the characteristics of the heat pipe allow it to be modified easily.
Conversely, if greater heat transfer were required from the heat pipe, additional tubes,
or tubes with more or larger fins could be installed.

No Moving Parts. There are no drive assemblies or rotating elements inside the heat
exchanger. There are no shafts, bearings, seals, sector plates, drive motors, speed
reducers/gear boxes, cooling fluids, lubricants, or plate filled baskets to wear out or
maintain, such as are found in the Ljungstrom® regenerative air heaters. The heat pipe
requires no energy to operate, other than the sootblowers. The heat pipe heat
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exchanger requires no maintenance, other than an annual inspection. If corroded tubes
are found, they can be replaced, however a properly designed heat pipe, that utilizes
the proper materials and fin and tube designs, should not suffer from corroded tubes.

The CAPCIS Corrosion Control System

The installation of the CAPCIS corrosion control system together with the heat pipe air
heater on Milliken Unit 2 was intended to demonstrate a system which optimizes the
thermal efficiency of the boiler cycle by making on-line operating decisions based on
instantaneous corrosion conditions of the flue gas equipment. The mechanism of corrosion
in flue gas streams is dependent on a number of factors for which there is no control. Such
factors include humidity, ambient air temperature and normal variations in fuel makeup.

Normal practice has been to control system parameters based on an estimated acid
dewpoint for the coal being fired. However, it has been shown that acid dewpoint alone
may not necessarily be the point where unacceptable corrosion will occur. The MCCTD
project intended to demonstrate that acceptable operation can occur with flue gas
temperatures below the "acid dewpoint" by operating the heat pipe air heater with the
CAPCIS corrosion detection system. The CAPCIS system is based on a combination of
electrochemical impedance measurements (EIM), electrochemical potential noise (EPN)
and electrochemical current noise (ECN). This combination of measurements is highly
sensitive and reacts rapidly to changes in the rate of corrosion. The CAPCIS system
provides a feed-back control signal from corrosion rate sensors in the flue gas stream. The
thermal efficiency of the boiler is maximized while preventing corrosion by controlling the air
heater outlet flue gas temperature. The flue gas exit temperature of the heater is controlled
by bypassing the air side of the heater through a control damper. Having the CAPCIS
system modulate the bypass dampers to adjust the flue gas exit temperature would have
allowed the heat pipe air heater to be operated at the minimum flue gas outlet temperature
consistent with acceptable corrosion rates as indicated by the CAPCIS system.

CAPCIS Commercialization Status

Since the late 1970's, numerous CAPCIS corrosion monitoring and surveillance systems
have been installed around the world. Most of the early applications were used to
investigate corrosion in low-temperature acidic condensation systems. Since 1980,
CAPCIS has been working on the investigation of condensation corrosion in the low-
temperature sections of a boiler plant. The work commenced with CEGB, British Coal,
Esso Engineering Europe Ltd., and the Department of Trade and Industry. Since 1984,
work has continued with EPRI in the USA and with Ontario Hydro in Canada on a variety of
problems. More recently, CAPCIS has developed systems for monitoring in high
temperature (up to 2000 °F) environments, such as in combustion units and process
heaters. The approach of providing a feed-back control signal from corrosion monitoring
sensors in the flue gas stream to adjust the heat pipe air heater bypass damper setting has
been confirmed to be feasible based on previous work on behalf of EPRI in the US and
CEGB/PowerGen in Europe.

Performance of the Heat Pipe Air Heater

The key features of the heat pipe air heater system which make it marketable are the
improvement in boiler thermal efficiency over a regenerative air heater; zero leakage from
air side to flue gas side; better outlet temperature control allowing for more heat recovery
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and lower flue gas outlet temperatures; passive design with no moving parts; lower erosion
due to low flue gas velocities; lower flue gas and air side pressure drops; potential for
improved ESP operation due to more uniform flue gas exit temperature profile; potential for
increased heat transfer, reduced exit gas temperature and increased boiler efficiency due
to the CAPCIS corrosion monitoring system; and easily replaceable modules. The
demonstration of these features should encourage the widespread commercialization of
high efficiency air heater systems. The demonstration size is at a scale which represents
the same size as what would be expected in commercial applications for a 150 MW
pulverized coal power plant. Because the demonstration is at full scale US utilities should
be more willing to embrace the results than for a demonstration requiring scale-up.

The supplemental monitoring program described in Section 4.11 was conducted to
evaluate the effects of operating conditions on heat transfer rate, air in-leakage and
corrosion rate and to characterize the operation of the heat pipe, quantify its benefits and
establish guidelines for purchase or use by other utilities. Velocity traverses were taken to
investigate the uniformity of gas flow and its affect on overall heat transfer performance. Air
leakage measurements were taken initially to verify zero leakage guarantee. Subsequently
leakage was measured in conjunction with boiler efficiency measurements to monitor
performance changes over time. Heat pipe thermal performance data were obtained in
both clean and fouled conditions at full and low boiler loads. Special alternate material test
heat pipes installed at inlet and outlet ends of the cold end module were periodically
removed and analyzed for inert gas buildup, degradation of heat transfer fluid, extent of
corrosion, erosion and scale buildup.

The results of the monitoring program, including a usable correlation between
corrosion rate and flue gas temperature for variable air inlet temperatures, excess air
and fuel sulfur content are presented in Section 4.11, providing valuable information to
the utility industry for power plant management.

Operability and Reliability

As described above, the heat pipe air heater concept is less susceptible to corrosion and
fouling then regenerative and recuperative air heater designs which results in improved
performance, higher reliability, lower maintenance and reduced generation of wastewater
from washing. Section 4.11 also discusses the operating history of the Heat Pipe Air
Heater demonstration with emphasis on ease of operation, frequency of process upsets,
ease of recovery from such upsets and the incidence of solids buildup and corrosion.

Specific problems encountered are discussed together with the solutions developed to
eliminate them. The process's performance stability and load following performance are
described. The maintenance history of the heat pipe is summarized and critical component
failures are described and analyzed. The effectiveness and frequency of on-line and off-
line cleaning are quantified. System reliability and availability are quantified. The
observations made during periodic inspections are summarized with emphasis on the
incidence and character of solids accumulation and corrosion which are critical to the
viability of the heat pipe design concept. The data presented characterize the reliability,
incidence of maintenance and ease of operation of the Heat Pipe Air Heater.

Economics of the Heat Pipe Air Heater

Demonstration of the energy savings provided by a high efficiency air heater system and
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the CAPCIS corrosion monitoring and control system and control is a key feature of the
project. Heat pipe air heaters are designed to provide enhanced air heater performance
compared to the air heater technology commonly found in utility boiler applications. The
heat pipe air heater system is designed to eliminate air heater leakage and reduce exit gas
temperatures. The CAPCIS corrosion monitoring and control system enables operation at
even lower exit gas temperatures while keeping corrosion rates within acceptable limits.
This project demonstrates the energy efficiency and conservation gains achievable by
incorporating this total system. The successful demonstration of power savings and
improved thermal with high availability and low maintenance quantifies the potential for life
cycle cost savings compared to conventional air heater designs.

Section 6 presents the estimated capital and operating and maintenance costs for the
Heat Pipe Air Heater that were derived from the data collected during the
demonstration. The results confirm the competitiveness of the process when compared
to other commercially available air heater designs.

NOxOUT® INJECTION (SNCR)

As originally configured the MCCTD project included combustion modifications for
primary NOyx emissions control and Nalco Fuel Tech's NOxXOUT® selective non-
catalytic reduction system (SNCR) to further reduce NOx emissions while retaining
flyash salability. The NOxOUT® system utilizes urea injection in the post combustion
zones of the boiler to reduce NOx emissions. The NOxOUT® system is a very energy
efficient and low capital cost approach to controlling the emissions of nitrogen oxides
produced in the combustion process. This technology, used by itself or in combination
with combustion modification technologies, can provide an increase in the overall
reduction of NOx.

The NOxOUT® system was to be demonstrated on only one of the units at Milliken Station
while combustion modifications were installed on both units, thus demonstrating the
process's capability for incremental NOy emissions reductions beyond that achievable
through combustion modifications alone. The site of the NOXOUT® demonstration was
eventually shifted to Penelec's Seward Station to avoid undue duplication of efforts.
Unfortunately, Seward Station was not equipped with a low NOx combustion system and
the performance of the NOXOUT® system could only be demonstrated as a stand-alone
NOx control technology.

Description of the NOxOUT® Process Concept

The NOXOUT® process achieves NOy reduction by the reaction of NOy with urea injected
into the post-combustion zones of the boiler to convert NOy into harmless nitrogen, carbon
dioxide, and water. The urea is injected as an aqueous solution. The quantity of water
used for dilution is typically set by the requirement to achieve a good distribution. The urea
solution contained in storage normally contains 50% by weight of urea. This solution is
then diluted on-line to the concentration for injection which may be in the range of 5 to 20%
by weight of urea. In order to avoid scaling of the injectors and to avoid the need for water
of high purity for dilution, an anti-scaling additive is used. This permits the use of ordinary
service water for dilution. This anti-scalant combined with a dispersant for droplet size
optimization is contained in the concentrated urea solution which is marketed under the
trade name NOxOUT A ®.

Significance of the Project Page 1.4-19
Project Performance and Economics Report



The most critical parameters in the design of a NOXOUT® injection system are gas
temperature, residence time, carbon monoxide concentration of the gas at the point of
injection, uncontrolled NOy concentration, amount of NOy reduction required and ability to
distribute chemical at the appropriate combination of temperature and residence time.

Carbon monoxide concentration is almost as important as temperature because it is a
measure of the concentration of reactive species in the gas phase, and the temperature
window for reaction shifts to lower temperatures with increases in carbon monoxide
concentration.

The first step in evaluating a potential application is a survey for gas temperature, carbon
monoxide concentration and accessibility. This information is used in combination with
other basic parameters such as fuel rate and excess air to construct a three dimensional,
computational fluid dynamic (CFD) model of the boiler. The temperature-residence time
profiles generated by this model are then used in a chemical kinetic model of the
NOXOUT® process to predict the amount of NO, reduction and ammonia slip that can be
expected under theoretical conditions. The output from the kinetic model is then recycled
to the CFD model where chemical injection is simulated. This simulation permits selection
of preferred injection locations and optimum parameters for injection. These parameters
include average droplet size, droplet size distribution and droplet velocity. Preferred
injectors for a specific application are then drawn from an array of injectors that have been
previously characterized.

NOxOUT® Injection (SNCR) Commercialization Status

The NOXOUT® SNCR process is licensed by Nalco Fuel Tech, a joint venture formed in
1990 by Nalco Chemical Co. and Fuel Tech N.V. (Fuel Tech N.V. has recently acquired
the Nalco interest in the joint venture and the unit now operates as Fuel Tech, Inc.) Nalco
Fuel Tech was formed to link a large chemical company having extensive utility and boiler
experience with a technology that reduces air pollution in a highly effective, highly reliable
manner without causing detrimental effects to the combustion equipment. Fuel Tech N.V.
has performed research on enhancements of the urea injection concept initiated by the
Electric Power Research Institute (EPRI) in 1976 and developed proprietary chemicals to
permit urea injection over a broader temperature range and perfected the injection
equipment and process configuration. In 1987, Fuel Tech became the exclusive agent for
EPRI's urea injection technology and Nalco Fuel Tech was the exclusive licensing agent of
this technology.

Commercialization of urea injection SNCR is well underway in the US. However,
applications to conventional boilers prior to the MCCTD project have been limited to
European boilers that have routinely fired low sulfur coals. In addition, the geometry of
these boilers has been favorable for retrofitting the injection nozzle systems and in
providing the required residence time for the chemical reactions between urea and NOy
compounds to take place. These are two very important considerations when evaluating
the retrofit potential of this NOy control technology.

The NOXOUT® process was first commercially applied on a corner-fired utility boiler owned
by Rheinisch-Westfalisches Elektrizitatswerk, a German utility. In 1987, a number of tests
for NOy reduction were initiated on a 150 MW, lignite-fired boiler at the Weisweiler Plant.
The test objectives of up to 50% NOy reduction and an ammonia slip of less than 5 ppm
were met over a range of operating conditions. In 1988, a commercial NOXOUT® system
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was installed on a 75 MW, lignite-fired boiler which had achieved a NO, emissions level of
150 ppm by the use of combustion modifications. Using the NOXOUT® technology, NOy
emissions were further reduced to 90-98 ppm and ammonia slip was controlled to a level of
less than 2 ppm through the combination of enhancer chemicals plus selective injection.

By 1991, the NOXOUT® technology was installed or in the planning stages on 30
boilers, with capacities ranging from 130,000 pounds of stream per hour to 900 million
Btu/hr. The boilers include stokers and corner- and wall-fired furnaces. Fuels have
included gas, wood, tires, municipal solid waste, oil, lignite and low-sulfur bituminous
coals. Commercialization of this technology for more tightly designed boilers or those
firing high-sulfur coals had not begun, nor had any substantial demonstration tests
been performed on coal-fired boilers in the US.

Significant Features of the NOXOUT® Demonstration

Prior to the MCCTD project SNCR processes using urea injection had achieved 30% to
60% reduction in NOx emissions on a full-scale, commercial, oil-fired utility boilers.
The MCCTD project extends the application of this technology to utility-scale high
sulfur coal-fired boilers in the United States. The MCCTD project originally intended to
demonstrate the overall effectiveness of the NOXOUT® system in coordination with
other boiler upgrades including combustion modifications, a coordinated plant control
system, and a burner management system.

The incorporation of all these state-of-the-art features would have permitted the
demonstration of several criteria including:

Minimum 30 percent additional NOx reductions beyond that achievable with
combustion modifications alone

Improved cost effectiveness for NOx reduction

Evaluation of effects of simultaneous operation of the NOx reduction technologies
on air heater, ESP, scrubber operations and fly ash quality.

The relocation of the demonstration to Seward Station, which is not equipped with
upstream NOx control technology or an FGD system, required modifying these objectives to
some extent. NOxOUT® was evaluated as a standalone technology, as opposed to a
technology in combination with combustion control upgrades. The demonstration
attempted to identify maximum achievable NO, reductions using NOxOUT A® as a
standalone technology while maintaining marketable fly ash. During periods of low fly ash
sales (e.g., winter months) the maximum NO reduction while maintaining less than 5 ppm
of ammonia slip was to be demonstrated. The effects of NOXOUT® on air heater and ESP
operations and fly ash quality were to be evaluated, but not its effects on scrubber
operation.

This full-scale, long term demonstration was to provide answers to such utility industry
issues as long term NOy emission rates, boiler-related impacts, operating and maintenance
costs, effects on downstream equipment (air preheater, ESP) performance and the effects
on sales potential of byproducts (fly ash). The planned scale (150MW) and duration of
testing should be sufficient to resolve these concerns.

At an equivalent NOyx emission rate, the MCCTD project originally intended to
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demonstrate the combining of combustion modifications with the NOXOUT® process to
mitigate the adverse effects normally inherent with a single technology, including:

* ammonia slip with NOxOUT®,
e carbon carry-over with combustion modifications, and

» waterwall slagging with combustion modifications.

The control of these effects is critical for utilities, like NYSEG, that are dedicated to
maximizing the utilization and sale of byproducts, such as fly ash and gypsum.

Excessive amounts of either ammonia slip or carbon carry-over would contaminate the
fly ash collected in the electrostatic precipitators and prevent the continued sale of the
fly ash. Fly ash sales are used by utility companies to reduce landfill requirements.
Loss of these sales would greatly increase the landfill requirements for the fly ash,
which would be detrimental to the overall environmental goals of the US.

Improved NOx Reduction. Since the injection of the NOXOUT® solution does not
impact the combustion process, the NOxOUT® system can be applied in
conjunction with all combustion modification technologies to improve reductions in
NOx. NOxOUT® used in this fashion can reduce NOx by up to 30%. This further
reduction is important in that combustion modifications are not expected to be able
to reduce NOx emissions to the 0.45 Ib/MM Btu level in all applications required by
the CAAA. Also, local or regional regulators may require stricter emission limits
than the CAAA. These lower limits would only be possible through the utilization of
combined control technologies such as is feasible with the NOXOUT® system.

Low Capital Cost Reguirements. The NOXOUT® system is a low capital cost NOx
reduction method. The only capital equipment included in this process are a
pumping skid, urea storage tank, injection piping and nozzles, and control systems.
These costs provide substantial advantage over the cost of selective catalytic
reduction technology which can be an order of magnitude higher.

Enhanced Temperature Characteristics. The NOxOUT A® enhanced urea solution
provides improved temperature characteristics as compared to urea alone. Addition
of proprietary chemical enhancers to the solution has succeeded in broadening
and/or shifting the optimum temperature at which the solution is effective. This
allows increased reductions of NOx through staging of the chemical injection at
various elevations in the boiler. This staged approach allows high NO, removal
efficiencies with very low ammonia slip. Also, since the location becomes
somewhat less critical it is expected that no additional injection points would be
required on a boiler besides the original inspection ports.

Low Ammonia Slip. A key feature contributing to the marketability of the NOXOUT®
technology is the consistent rate of NOx removal with a very low ammonia slip.

Maintaining low ammonia slip is critical to the control of air heater plugging and for
permitting the sale and use of the fly ash as a pozzolanic material in the formation of
concrete will not be affected. The chemical enhancers included in the NOXOUT A®
urea solution allow ammonia slip to be maintained below 2 ppm. Typically, a simple
urea injection will have significant levels of ammonia being formed as a side reaction to
the NOy reaction. The ammonia can result in increased air heater plugging or can
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collect on the fly ash collected in the ESP and prevent the commercial sale of the fly
ash. By maintaining the ammonia slip to such a low concentration these problems are
avoided. NOxOUT® technology can be used very effectively on a wide range of boiler
sizes and configurations.

Commercialization Aspects

Nalco Fuel Tech believes that this project will provide key impetus for the further
commercialization and acceptance of the NOXOUT® system. This belief is supported by
several key criteria demonstrated by this project. These criteria are:

US Utility Application: The demonstration of this technology on a US utility boiler provides
the credibility required to establish it as a commercially viable option in this market. The US
utility market is close-knit and successful application of a product in the market is highly
regarded. Utilities use different sources of information from research organizations such as
EPRI or computer information exchanges to research previous utility applications of a
technology prior to acceptance of that technology. A successful demonstration project at
Seward Station provides the base required for acceptance in this market.

Compliance with Emission Goals: The project demonstrates the economical reduction of
NOx to below the 0.45 Ib/MM Btu limit prior to the 1997 deadline for the establishment of
new regulatory limits on NOx emissions. Since this new limit will be based on the best
available technology with consideration for costs and energy and environmental
impacts, this demonstration provides a baseline by which this technology can be
compared.

High Sulfur _Application: Prior to the MCCTD project the NOxOUT® technology was
installed, or in the planning stage, on approximately 30 boilers ranging in size up to 900
million Btu/hr. However, none of these installations was with high-sulfur coal. The MCCTD
project is the first commercial demonstration of the NOXOUT® technology on a furnace firing
US high-sulfur bituminous coal. Demonstration on a high sulfur application is critical to
wide-spread commercialization of the NOxOUT® process. Application of urea injection
SNCR technology to tighter designed boilers firing high sulfur coals presents risks of boiler
fouling and fly ash contamination due to the potential for ammonia slip. As a consequence,
ammonia slip will be aggressively monitored. In high sulfur coal applications, higher levels
of SO; can react with the excess ammonia, forming ammonium bisulfate salts which can foul
downstream heat exchangers and contaminate the fly ash. Contamination of fly ash with
ammonium bisulfate during the demonstration period could jeopardize fly ash sales. Proper
precautions in storing, handling and feeding urea are necessary to assure that injection
rates do not become excessive causing unacceptable levels of ammonia slip or creating the
potential for ammonium salts formation which would foul the boiler heat exchangers and
contaminate the fly ash. If the unit modifications are properly designed and the system is
operated within design parameters, ammonia slip and the potential for ammonium bisulfate
formation should be low and fly ash contamination should not be a problem.

The NOXOUT® technology has been demonstrated on larger boilers and on NOy levels
higher than the MCCTD project. However, this demonstration is the first to combine all
of the individual possibilities on one boiler. This installation demonstrates the
reduction in NOy emissions achievable with NOxOUT® while maintaining an ammonia
slip of 2 ppm or less on a tangentially fired boiler, firing high sulfur sub-bituminous coal.
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There are no other installations of this technology which compare in applicability or
impact on commercialization potential.

Performance of the NOXOUT® System

The NOxOUT® process test program was designed to monitor operating conditions for
process control, to evaluate the effect of operating conditions on NOy reduction efficiency,
fly ash quality, load following capability, annual operating and maintenance costs and
ammonia slip and to provide operation and performance data to confirm the technology's
ability to meet regulatory requirements for new and existing utility boilers. Because the
Environmental Protection Agency regulations are different for new and existing utility
boilers, the data collected had to be applicable to both. Therefore, the plan included
evaluating NOxOUT® nitrogen oxide emission control system data for compliance with New
Source Performance Standards (NSPS) as well as the Clean Air Act Amendments of 1990
Titles | and IV. Data were to be collected to determine: (1) percent reduction of NOy
achievable, (2) short-term NO, emissions, (3) 30-day rolling average NO, emissions, and
(4) annual NOy emissions.

Most of the process control was to be performed automatically based on data from
continuous on-line process monitors. Continuous measurements of flow, pressure and
liquid level are performed using standard commercial industrial process monitors. NO,
O, and CO concentrations in the flue gas stream are measured.

Non-continuous process control monitoring for the NOXOUT® process was to include
analysis of the SNCR solution going to the boiler, analysis of SNCR concentrate
delivered to the plant and measurement of ammonia in the flue gas and fly ash.

The anticipated test results were expected to verify the process's capability for high
NOy removal efficiency and adequate load following capability with low ammonia slip
and minimal impact on fly ash quality. The results were not available at the time of
publication and will be the subject of a future topical report.

Operability and Reliability of the NOXOUT® Process

The future topical report will also discusses the operating history of the NOXOUT® process
demonstration with emphasis on ease of operation, frequency of process upsets and ease
of recovery from such upsets. Specific problems encountered will be discussed together
with the solutions developed to eliminate them. The process's performance stability and
load following performance will be described. Critical component failures will be described
and analyzed. System reliability and availability will be quantified. The observations made
during periodic inspections will be summarized with emphasis on the degree of solids
accumulation in the downstream equipment. The data presented will characterize the
reliability, maintenance requirements and ease of operation during plant transients.

Economics of the NOxOUT® Process

The future topical report will also present the estimated capital and operating and
maintenance costs for the NOxOUT® process derived from the data collected during
the demonstration. The results should confirm the competitiveness of the process
when compared to other commercially available NO, control systems.
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COMBUSTION MODIFICATIONS

The MCCTD project includes a NO, emissions control strategy consisting of
combustion modifications, advanced 3Adimensional combustion modeling, and boiler
expert computer system to minimize NOy emissions and to simultaneously optimize
boiler thermal efficiency. This NOy emissions control scheme is unique it that it
combines these three technologies to minimize NO emissions while optimizing boiler
thermal efficiency and maintaining low carbon levels in the ash.

Milliken Station is the first retrofit application on a utility boiler equipped with an FGD
system producing byproduct gypsum and salable fly ash. The carbon level in the ash is
critical to fly ash sales and could adversely affect gypsum color. Marketable fly ash
must contain less than five percent by weight of carbon. The current Milliken fly ash
sales contract limits the carbon content to 4 wt%.

The full scale application of this combination of technologies demonstrates the
effectiveness of these subAsystems to function as a unit to achieve the stated goals.
The scale of the demonstration and duration of testing will resolve any private sector
concerns as to the efficacy of the technology.

Combustion modifications, including replacing the existing conventional tangential firing
system with the Low NOx Concentric Firing System (LNCFS) furnished by ABB CE
Services, were installed at NYSEG's expense on both Milliken units for control of NOy
emissions. These modifications were expected to reduce NOyx emissions by about
20%.

The PCGC-3 combustion model, a 3Adimensional coal combustion code designed to
predict gas flow profiles, heat transfer, and NO, formation to optimize air/fuel mixing for
high carbon burnout, was used to optimize the design of the combustion modifications.
The model was developed by the Advanced Combustion Engineering Research Center
(ACERC). Through the use of the model, the project was able to demonstrate on the
utility scale the validity of the model and quantify the NOx reduction achieved through
its use.

The Plant Economic Optimization Advisor (PEOA) is an on-line performance support
system developed by DHR Technologies, Inc. to assist plant personnel in meeting the
requirements of Title IV of the 1990 Clean Air Act Amendments and in optimizing
overall plant economic performance. The PEOA system, installed on both Milliken
units integrates key aspects of plant information management and analysis to assist
plant personnel with optimization of overall plant economic performance, including
steam generator and turbine equipment, emissions systems, heat transfer systems,
auxiliary systems, and waste management systems.

Low NOx Concentric Firing System

The Low NOyx Concentric Firing System (LNCFS), furnished by ABB CE Services,
maximizes the NOyx reduction capabilities of existing tangential firing systems while
minimizing unit modification. The LNCFS uses a combination of two techniques to
reduce NOy, bulk furnace staging and early controlled coal devolatilization.

Bulk furnace staging takes a portion of the combustion air, which is introduced at the fuel
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burning zone, and diverts it to retard air and fuel mixing. With conventional tangential
firing, the introduction of excess combustion air during the early stages of coal
devolatilization contributes significantly to the formation of NOx. The LNCFS maximizes the
bulk staging concept by using both overfire air and concentric firing. Staged combustion is
produced by introducing a portion of the secondary air, called overfire air, above the
primary firing zone. This is accomplished by utilizing a close-coupled overfire air system in
which the overfire air nozzles are located in the top elevations of the main windboxes, and
a new separate overfire air windbox which is installed above the existing windbox. The
concentric firing system utilizes a re-direction of the secondary (auxiliary) air which is
admitted in the main firing zone, diverting it away from the coal stream. In this manner,
combustion stoichiometry is reduced by preventing the fuel stream from entraining with the
air stream during the initial stages of combustion. Fuel nitrogen conversion is reduced,
while maintaining appropriate oxidizing conditions along the furnace walls. The
introduction of air in the concentric firing circle is accomplished with the installation of offset
air nozzles.

Another important design feature incorporated into the LNCFS is the technique of early fuel
ignition. Initiating the combustion point very close to the fuel nozzle produces a stable
volatile matter flame which is more easily controlled under sub-stoichiometric firing
conditions. A two-piece "flame attachment” type coal nozzle tip is used to promote this
strong primary flame.

PCGC-3 Combustion Model

The PCGC-3 Combustion model is a comprehensive computer model developed under
funding from the National Science Foundation to Brigham Young University and the
University of Utah through the establishment of an Advanced Combustion Engineering
Research Center. The mission of ACERC is to develop advanced combustion technology
through fundamental engineering research and educational programs aimed at the solution
of critical national combustion problems. These programs are designed to enhance the
international competitive position of the US in the clean and efficient use of fossil fuels,
particularly coal. The Center is joined and supported by 24 industrial firms, three US
government centers, the State of Utah, and three other universities.

The PCGC-3 model, a 3Adimensional coal combustion code, predicts gas flow profiles,
heat transfer, and NOy formation to optimize air/fuel mixing for high carbon burnout. The
model incorporates the influence of fluid dynamics in modeling the time, temperature and
flow history in the boiler and includes submodels to incorporate coal devolitization, char
burnout, heat transfer and NO, formation. The model was used to optimize the operation of
the combustion equipment, especially the design of the combustion modifications to the
furnace. The model fluid mechanics provisions were used to optimize the air fuel mixing to
achieve 0.45 Ibs/mm Btu NOy emissions with less than three percent carbon in the ash
while optimizing thermal efficiency. Through the use of the model, the MCCTD project was
able to demonstrate on the utility scale the validity of the model and quantify the NOx
reduction achieved through its use. Milliken is the first commercial application of the
PCGCAS3 code to the design of a retrofit low NO, combustion system.

Plant Economic Optimization Advisor

The Plant Economic Optimization Advisor (PEOA) is an on-line performance support
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system developed by DHR Technologies, Inc. to assist plant personnel in meeting the
requirements of Title IV of the 1990 Clean Air Act Amendments and in optimizing overall
plant economic performance. The PEOA system was installed on both Milliken units. The
system integrates key aspects of plant information management and analysis to assist plant
personnel with optimization of overall plant economic performance, including steam
generator and turbine equipment, emissions systems, heat transfer systems, auxiliary
systems, and waste management systems. The system is designed primarily for plant
operators but also provides powerful, cost-saving features for engineers and managers.
The PEOA automatically determines and displays key operational and control setpoints for
optimized cost operation. The system provides operators with on-line emissions monitoring
and diagnostic capabilities, along with rapid access to reports and trend information. The
PEOA optimization algorithms evaluates key data emissions parameters, such as NO,
S0O,, 0,, CO, CO,, Carbon in Ash, and Opacity, plus other operational parameters such as
boiler and turbine mixing. The system provides "what-if" capabilities to allow users to
utilize the optimization features to evaluate various operating scenarios. In addition to
providing optimized setpoint data, the PEOA system also provides plant operators and
engineers with expert advice and information to help optimize total plant performance.

Performance of the Combustion Modifications

Section 4.4 describes the testing program that was used to demonstrate the effectiveness
the MCCTD's emissions control strategy in reducing NOy emissions while simultaneously
optimizing boiler thermal efficiency and meeting LOI requirements for flyash sales. The test
program consisted of four series of tests: (1) diagnostic, (2) performance, (3) long-term, and
(4) verification.

The diagnostic tests were designed to provide short-term parametric data with respect to
the effects of boiler and operating variables on NOx emissions and loss-on-ignition (LOI).
Baseline diagnostic testing was conducted to characterize system performance prior to
installation of the combustion modifications. Post-installation diagnostic testing was
conducted to characterize the influence of certain design variables and to optimize system
performance.

Performance or characterization tests were conducted in conjunction with ESP testing. The
measurements in these tests included CEM single-point sampling at the stack, particulate
characteristics data, boiler efficiency data, and pulverized coal fineness data.

Long-term tests used statistical analysis methods for evaluation of long-term data
developed by the Control Technology Committee of the Utility Air Regulatory Group
(UARG). These methods were used to determine the achievable emissions limit of a
control technology. These tests included CEM stack sampling for 51-60 days with each
day consisting of at least 18 hourly averages to predict the 30-day rolling average
emission limit.

Verification tests were conducted to test the predictive correlations derived from the
statistically designed baseline and post-retrofit diagnostic tests. The verification tests were
condensed versions of the diagnostic tests, and included repetitions of selected tests,
following the long-term tests.

The testing results reported in Section 4.4 quantify the effectiveness the MCCTD's
emissions control strategy in reducing NO, emissions while simultaneously optimizing boiler
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thermal efficiency and meeting LOI requirements for flyash sales.
Operability and Reliability of the Combustion Modifications

Section 4.4 discusses the operating history of the LNCFS demonstration with emphasis on
ease of operation, frequency of process upsets and ease of recovery from such upsets.
Specific problems encountered are discussed together with the solutions developed to
eliminate them. The process's performance stability and load following performance are
described. Critical component failures are described and analyzed. System reliability and
availability are quantified. The data presented confirm high reliability, low maintenance and
ease of operation during plant transients.

Economics of the Combustion Modifications

Section 6 presents the estimated capital and operating and maintenance costs for the
Combustion Modifications that were derived from the data collected during the
demonstration. The results confirm the competitiveness of the process when compared to
other commercially available NO control systems.

SUMMARY

In summary, the MCCTD project has tested all significant aspects of the demonstration
technologies at commercial scale on a commercial coal-fired unit. Data collection, analysis
and reporting performed during the operations phase included on-stream factors, material
balances, equipment performance, efficiencies and SO, and NO, emission levels. The data
generated are directly applicable to other applications. The demonstration has significantly
reduced the risks and concerns associated with these technologies and provides valuable
information to permit their commercialization.
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15 DOE'S ROLE IN PROJECT

The Milliken Clean Coal Technology Demonstration (MCCTD) Project was managed by a
NYSEG Project Manager. This individual was the principal contact with DOE for matters
regarding the administration of the Cooperative Agreement between NYSEG and DOE.
The DOE Contracting Officer was responsible for all contract matters, and the DOE
Contracting Officer's Technical Project Officer (TPO) was responsible for technical liaison
and monitoring of the project.

DOE was responsible for monitoring all aspects of the project and for granting or denying
approvals required by the Cooperative Agreement. The DOE Contracting Officer was
DOE's authorized representative for all matters related to the Cooperative Agreement.

The DOE Contracting Officer appointed a Technical Project Officer (TPO) who was the
authorized representative for all technical matters and had the authority to issue "Technical
Advice" to:

Suggest redirection of the Cooperative Agreement effort, recommend a shifting of work
emphasis between work areas or tasks, or suggest pursuit of certain lines of inquiry
which assist in accomplishing the Statement of Work.

Approve all technical reports, plans, and items of technical information required to be
delivered by the Participant to the DOE under the Cooperative Agreement.

The DOE TPO did not have the authority to issue technical advice which would have:
Constituted an assignment of additional work outside the Statement of Work.

In any manner caused an increase or decrease in the total estimated cost or the time
required for performance of the Cooperative Agreement.

Changed any of the terms, conditions, or specifications of the Cooperative Agreement.

Interfered with the Participant's right to perform the terms and conditions of the
Cooperative Agreement.

All technical advice was required to be issued in writing by the DOE TPO.

NYSEG had the primary responsibility for reporting to and interfacing with the DOE.
NYSEG was responsible for all phases of the Project. NYSEG was the primary liaison
between the DOE and all other participant organizations. The following organizations
interacted effectively to meet the intent of the PON and to assure a timely and cost-effective
implementation of the MCCTD project through startup and operation.

New York State Electric & Gas Corporation (NYSEG)

Saarberg-Holter-Umwelttechnik GmbH (SHU)
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Stebbins Engineering and Manufacturing Company (Stebbins)
CONSOL, Inc.
Nalco Fuel Tech
ABB Air Preheater, Inc.
DHR Technologies, Inc.
The total project encompassed 75 months.

Two budget periods were established. Consistent with P.L. 101-512, DOE obligated funds
sufficient to cover its share of the cost for each budget period. Throughout the course of
this project, reports dealing with the technical, management, cost and environmental
monitoring aspects of the project were prepared by NYSEG and provided to the DOE.
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2.0 TECHNOLOGY DESCRIPTION
2.1 DESCRIPTION OF THE DEMONSTRATED TECHNOLOGY
2.1.1 INTRODUCTION

The Milliken Clean Coal Technology Demonstration Project provided significant
reductions in emissions of sulfur dioxide (SO;) and nitrogen oxides (NOx). The plant
retrofits and upgrades for NYSEG's Milliken Station demonstrated several innovative
technologies that reduce emission of these gases and air toxics.

A particularly attractive feature of the Milliken Clean Coal Technology Demonstration
Project was the energy efficiency of the plant upgrades. The integrated package of plant
modifications provided excellent environmental characteristics while retaining the high
energy efficiency of Milliken Station, historically one of the 20 most efficient generating
stations in the United States. At other plants upgraded to reduce environmental
emissions, energy efficiency was severely degraded (station heat rate Btu/kWh
increased). This project sought to minimize such heat rate penalties.

The overall project goals were:
98% SO, removal efficiency using limestone while burning high-sulfur coal.
NOx emission reduction by combustion modifications.

Demonstration of NOx reductions using NOXOUT® selective non-catalytic reduction
technology (SNCR) in combination with combustion modifications.

Production of marketable byproducts to minimize solid waste disposal including

Commercial-grade gypsum
Calcium chloride brine
Fly ash

Zero wastewater discharge.

Maximum station efficiency using heat pipe air heater system and low power
consuming scrubber system.

Space-saving design.

The project used two identical units. Technologies were demonstrated on either one or
both of the units to maximize the comparison of innovative energy and environmental
management features. In the original project plan all demonstration features of the
Milliken Clean Coal Technology Project were to be integrated in Milliken Station Unit 2.
The site of the NOxOUT® SNCR process demonstration was eventually relocated to
Penelec's Seward Station.

Description of Demonstrated Technology
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By incorporating this combination of innovative technologies into one unit, the project
was able to demonstrate excellent pollution abatement with a high level of energy
efficiency and conservation not possible with many competing technologies.

In addition, the sulfur control process chosen for Unit 2 was shared with Unit 1, to
demonstrate a unique below-stack split absorber flue gas desulfurization (FGD) design.
By combining sulfur control in this way, a cost effective station approach resulted in
ultra-high sulfur removal efficiency of the chosen FGD process to significantly reduce the
sulfur emissions from both units.

DEMONSTRATION TECHNOLOGIES SELECTED FOR BOTH UNITS 1 AND 2

To accomplish the project goals, NYSEG selected demonstration technologies offering
substantial improvements in environmental emissions. The technologies demonstrated
on both Milliken Station Units 1 and 2 included:

The Saarberg-Holter Umwelttechnik GmbH (SHU) formic acid enhanced wet
limestone FGD process. This technology, originated in Germany, promised superior
energy conservation capabilities, ultra-high sulfur removal efficiency (up to
98 percent) on a plant fired with high sulfur (greater than 3 percent) eastern sub-
bituminous coal, ease of operations and high reliability. The project was intended to
further the commercialization of the SHU process in the US by using American
companies to bring the design to US utility industry standards and operating practice.
The project was the first to install the SHU FGD absorbers directly below the flues. It
was also the first demonstration of the split module cocurrent / countercurrent
absorber concept utilizing Stebbins tile-lined FGD construction methods.

A zero wastewater discharge FGD system which produces wallboard quality
byproduct gypsum along with a marketable calcium chloride byproduct;

Enhanced removal of hazardous air pollutants;

Cost-effective compliance with the NOx emission control provisions of the Clean Air
Act Amendments through the use of combustion modifications in combination with
improved boiler controls; and, finally,

The potential of improved NOyx reduction using the Advanced Combustion
Engineering Research Center PCGC-3D model to optimize the design of the NOy
combustion retrofit components.

Description of Demonstrated Technology
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ADDITIONAL DEMONSTRATION TECHNOLOGIES FOR UNIT 2

Additional demonstration technologies were applied to an individual unit. NYSEG
selected demonstration technologies offering substantial improvements in energy
conservation for Unit 2, providing one of the most completely integrated, and highly
efficient clean air upgrade demonstrations in the world. In addition to the SHU/Stebbins
retrofits summarized above, Unit 2 was modified to demonstrate the following:

The improved energy efficiency and energy conservation aspects of a heat pipe air
heater with temperature control employing a CAPCIS corrosion monitoring system.

The original project plan also included modifying Unit 2 to demonstrate cost-effective
compliance with the NOx emission control provisions of the Clean Air Act Amendments
through the use of combustion modifications in combination with improved boiler controls
and the NOxOUT® selective non-catalytic reduction system. As noted above, the
NOxOUT® demonstration was ultimately relocated to Penelec's Seward Station.

PROCESS CONCEPT AND HOW THE MCCTD PROCESS TECHNOLOGIES
OPERATE

Three diagrams provide an overview of the demonstration project. First, a summary
profile of the project scope is shown in figure 2.1-1. This figure illustrates all of the
required project segments covered by the MCCTD. This diagram is followed by a
process block diagram, figure 2.1-2, which further describes the integration of the overall
project. Later in this section, the operation of each of the major technologies that
comprise the project is detailed. The third diagram, figure 2.1-3, illustrates the location of
the demonstration technologies on the site plan.

The process block diagram, shown as figure 2.1-2, illustrates how Milliken Station was
used to demonstrate the full complement of project features. By incorporating these
technologies into both units, a cost effective strategy was developed to meet the goal of
overall pollution abatement with increased energy efficiency and conservation. Both
Unit 1 and Unit 2 were used to demonstrate the commercialization aspects of the split
module absorber, providing the first commercial demonstration of a split cocurrent /
countercurrent SHU absorber.

Description of Demonstrated Technology
Project Performance and Economics Report Page 2.1-3



FIGURE 2.1-1

PROJECT PROFILE

SEGMENT OF PLANT

Raw
Coal

PreCombustion

Combustion

Flue Gas

Post Combustion

Clean Flue Gas

Balance of Plant Needs

MCCTD PROJECT SCOPE

-change to high sulfur Eastern coal

-change mills to handle new coal

»NOy combustion modeling
-combustion modifications for primary NOy emissions

»>first US SHU demonstration

»>first US below-stack SHU absorber

»>first split SHU absorber

»>first utility Stebbins tile cocurrent/countercurrent
absorber

»>first NOxOUT® in high sulfur coal-fired utility furnace for
NOy emission control (relocated to Seward Station)

»>first coal-fired heat pipe air heater with CAPCIS corrosion
monitoring

ID fans

-precipitator upgrade

-ductwork

-blowdown treatment

-power feeds to new equipment
-Unit 1 air heater upgrade
-control system upgrade
-electrical system upgrade

Legend:

»novel technology in need of commercial demonstration
-commercial technology required in plant to support the demonstration of the novel

technology
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FIGURE 2.1-2
PROCESS BLOCK DIAGRAM FOR THE MCCTD PROJECT
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As noted, a main feature of this project was the demonstration of retrofit of both SO, and
NOyx control systems to a plant with minimum impact to the overall plant heat rate. To
accomplish this, energy efficient technologies were selected for integration into the
project. The estimated overall project energy balance is shown in table 2.1-1.

TABLE 2.1-1
PROJECT ENERGY BALANCE ESTIMATE

TECHNOLOGY POWER SAVINGS HEAT RATE SAVINGS
SHU FGD and all Auxiliaries -4.04 MW -120Btu/kWh
Thermal Performance 70 Btu/kWh
Advisor (0.75% Heat Rate)
Advisor
Heat Pipe

Min 20°F decrease in 47 Btu/kWh

Exit Gas Temperature
(0.5% Heat Rate
Improvement)

16% Reduction in Air 337 KW 10 Btu/kWh
Flow Due to Leakage
(Fan Power savings of

452 BHP)
NOx System ~0
NET HEAT RATE SAVINGS = 7 Btu/kWh
Current Heat Rate = 9,422 Btu/kWh
Modified Heat Rate = 9,415 Btu/kWh
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2.1.2 SHU ADVANCED FGD SYSTEM

The SHU process is the only developed wet limestone FGD process which is specifically
designed to employ the benefits of low pH operation, formic acid enhancement, single
loop, cocurrent / countercurrent absorption and in-situ forced oxidation.

SHU PROCESS FEATURES

The project was designed to demonstrate that SHU has succeeded in creating a process
with the following features:

ultra-high SO, removal efficiency (up to 98 percent) with limestone,

low limestone reagent consumption,

excellent stability and ease of operation during load changes and transients,

low production of scrubber blowdown,

freedom from scaling and plugging problems,

high availability,

low maintenance requirements,

wallboard grade gypsum byproduct and

increased energy efficiency and conservation compared to competing FGD
technologies.

For Milliken Units 1 and 2, a single-train FGD absorber was installed for each of the two
boilers with common auxiliary equipment.

SHU PROCESS CHEMISTRY

In the SHU process, SO, is absorbed from the flue gas by the recycle slurry and reacts
to form bisulfite and hydrogen ions, according to the reaction:

SO,+H,0 ® HSO;+H' (1)

Small amounts of formic acid, HCOOH, are added to the slurry. Formate ions in solution
react with the H" to buffer the solution (as shown in reaction (2)), thereby maintaining the
pH between 4.0 and 5.0 in the cocurrent spray zone and between 4.2 and 5.0 in the
countercurrent spray zone.

H"+COOH « HCOOH ()

As a result of adding formic acid, SO is efficiently absorbed throughout the entire spray
zone. Maintaining the slurry in the pH range of 4.0 to 5.0 ensures the formation of
calcium bisulfite, the water soluble form of calcium and sulfur.

Limestone added to the recycle slurry is the source of calcium ions that precipitate
sulfur-containing ions. Formic acid reacts with limestone to produce a recycle slurry with
calcium ion concentrations much higher than those found in conventional limestone FGD
processes (see reaction (3)).

CaCO3+2HCOOH ® Ca'? + 2COOH +H,0+CO, 3)

Description of Demonstrated Technology
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High natural oxidation readily occurs throughout the spray zone. Additional (forced)
oxidation occurs in the absorber reaction tank, without the need for an acidifying step.
Dissolved oxygen in the recycle slurry reacts to form sulfate ions according to reaction

(4).
2HSO3+0, ® 2H'+2S0,” ()

The calcium ions present in solution combine with the sulfate ions to produce gypsum,
according to reaction (5).

Ca+S0,%+2H,0 ® CaS0,-2H,0~ (5)

For all load conditions, the SHU process with its buffered slurry operates within the pH
range that precludes sulfite formation. This greatly reduces the operating and
maintenance requirements compared to unbuffered processes. Unbuffered processes
frequently require large staffs for operation and maintenance and suffer reduced
availability due to forced outages to clean the absorbers.

The ability to operate in the non-scaling mode, even during transients, may be the single
biggest advantage to low pH buffered absorption and is an extremely important
consideration when operating the plant in a cycling mode or burning coals with wide
variations in sulfur content.

The buffered operation of the cocurrent / countercurrent absorber permits the absorption
/ oxidation reaction to occur at a much lower pH than in unbuffered countercurrent
absorbers. Low pH operation avoids scale formation and forms the easy-to-oxidize
bisulfite ion. The large gypsum crystals that form in the scrubber reaction tank are easy
to dewater, and desired by wallboard manufacturers. Operation of the FGD absorption /
oxidation reaction in the pH range of 5.5 to 6.0, the case for many competing processes,
causes a risk of severe scale formation. In these competing processes, process control
of pH is difficult and a frequent consequence of poor pH control is severe scaling. SHU
developed the combination cocurrent / countercurrent absorber to operate in the pH
range of 4.0 to 5.0. Scaling is thus avoided and pH control is not critical.

The cocurrent / countercurrent absorber with its multi-level spray system maintains an
optimum pH range for bisulfite formation throughout both stages as figure 2.1-4
illustrates.

Typically, in the cocurrent section, the pH at the top of the spray zone is 5.0 and drops to
4.0 near the bottom of the spray zone. In the countercurrent section, where residual SO,
is removed, the pH drops from 5.0 to approximately 4.4 to 4.2.
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FIGURE 2.1-4

COCURRENT/COUNTERCURRENT ABSORBER PREVENTS HIGH pH ZONES THAT
WOULD BE PRONE TO SCALING
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SHU PROCESS DESCRIPTION
Flue Gas Flow

For the MCCTD project flue gas from the ESP is discharged through new ID fans which
are required to overcome the combined pressure loss of the absorber, ductwork and new
wet chimney. Refer to figure 2.1-5. New ID fans were chosen to minimize heat rate
impact, control problems and cost, compared to the use of booster fans. Flue gas is
ducted from the fans to the absorber modules. Flue gas enters at the top of the cocurrent
section where it is quenched by water sprays. The gas is then contacted with recycle
slurry from spray nozzles at four separate levels (three plus a spare) to absorb SO,. At
the bottom of the absorber, the recycle slurry disengages from the flue gas and collects
in the absorber reaction tank. The flue gas passes to the countercurrent section where it
is contacted with recycle slurry from spray nozzles at three separate levels (two plus a
spare) for residual SO, absorption. The flue gas then passes through the two stage mist
eliminators to remove entrained water droplets before discharge to the new wet chimney.

To accommodate boiler startup operations, the scrubber can be bypassed through a
bypass flue in the new chimney. Inlet dampers are provided to isolate the absorbers
during bypass operation. Since all the flues are completely separate, outlet isolation
dampers are not required.

The MCCTD provided the first demonstration of the SHU process installed directly
beneath a plant exhaust stack. This design approach saved considerable site space and
would be of considerable benefit for existing plants where space for retrofitting an FGD
is often at a premium. While the below-stack application of SHU technology was new, a
related application, at the 230 MW Valklingen power plant in West Germany, houses the
SHU absorber and auxiliary equipment inside a cooling tower. The Vadlklingen
installation has been operating reliably since 1982.

SO, Absorption

Recycle slurry from the absorber reaction tank containing formic acid is continuously
pumped to the absorber spray nozzles by recycle pumps to provide the medium for SO,
absorption. Each spray level (four cocurrent and three countercurrent) has one
dedicated pump. The system is designed to meet 95% SO, removal efficiency when
firing 3.2% sulfur coal at design flue gas rates, with only five of the seven pumps in
operation. The pumps operate at constant flow. For turndown operation, individual
pumps can be taken off line to meet the reduced slurry flow requirement. Six of seven
recycle pumps in service and formic acid are required to achieve 98% SO, removal.
Without formic acid, all seven spray levels and finer limestone grinding (90% minus
325 mesh) are required to achieve 95% removal efficiency.
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FIGURE 2.1-5
SHU FLOW DIAGRAM
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Limestone Delivery, Preparation, and Addition

The SHU process uses limestone as the primary reagent for SO, absorption. Common
facilities were provided for limestone unloading, storage, and reclaiming. Refer to figure
2.1-6. Limestone grinding, fresh slurry storage, and fresh slurry transfer are located in
the limestone preparation area of the FGD building. The SHU process, when operating
with formic acid, requires limestone to be ground to 90% passing 170 mesh, while a finer
grind size, 325 mesh, is required when operating without formic acid. The limestone
grinding facilities are capable of producing both of these limestone grind sizes.

Limestone from storage is conveyed to either of two 24 hour capacity storage silos
(based on 3.2% sulfur coal at 110% of the plant maximum continuous rating (MCR)).
Limestone is discharged from the bottom of a silo onto an individual weigh feeder and
conveyed to a horizontal wet ball mill for size reduction. Clarified water (recycled
process water) is supplied to the mills for grinding and dilution. The limestone slurry
flows through the ball mill to the mill product tank. The mill product pump feeds the slurry
to the cyclone classifier. Cyclone classifier underflow is returned to the ball mill. The
limestone slurry product, at approximately 25% solids slurry, flows by gravity from the
cyclone classifier overflow launder to the fresh slurry feed tank.

Limestone slurry is continuously pumped from the fresh slurry feed tank by the fresh
slurry pumps to the absorbers. Slurry not required by the absorbers flows back to the
fresh slurry feed tank in a complete loop. Limestone slurry addition to each absorber is
regulated by a control valve in the take-off line to the absorber. The fresh slurry feed
pumps are sized for two times required flow at design conditions and operate at constant
flow.
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FIGURE 2.1-6
LIMESTONE PREPARATION FLOW DIAGRAM
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Gypsum Production

Unlike many competing processes that produce gypsum, SHU byproduct gypsum is of
excellent and consistent quality regardless of the plant load level or flue gas sulfur
concentration. The gypsum was sold as 8% moisture gypsum powder for transportation
to the purchaser.

The recycle slurry from both cocurrent and countercurrent absorber sections collects in
the absorber reaction tank. The reaction tank acts as a back-mixed reactor to oxidize the
product of absorption (bisulfite) to calcium sulfate (gypsum). Air is injected by oxidation
air blowers. Side-mounted agitators are installed to provide complete mixing of air and
slurry and to prevent gypsum particles from settling to the bottom.

Oxidation also occurs in the absorber from excess oxygen in the flue gas. Slurry in the
reaction tank contains approxim